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Abstract 
The world’s population is aging and cases of debilitating degenerative diseases are increasing. Bone is the 
second most transplanted tissue after blood but natural bone grafts are in short supply. Bioglass, which is 
a particular composition of bioactive glass, stimulates more bone repair than other synthetic bone grafts. 
However, it is brittle so cannot be used in cyclically loaded sites. A promising solution is the use of hybrid 
materials that can potentially combine the toughness of polymers with the stiffness and bioactivity of the 
glass through interpenetrating inorganic-organic networks. Hybrids have the unique feature of tuneable 
mechanical properties and degradation rates. In this thesis, two very different polymers were investigated 
as the organic component of hybrids; chitosan and poly(2-hydroxyethyl methacrylate-co-(3-
trimethoxysilane)propyl methacrylate). The natural polymer chitosan was incorporated into the silica sol-
gel process to produce hybrids and scaffolds were fabricated using freeze drying and foaming techniques. 
The chemical, morphological, mechanical and degradation properties of the scaffolds were studied. In 
order to covalently bond the organic and inorganic components, the chitosan was functionalised with an 
alkoxysilane crosslinker, 3-glycidoxypropyl trimethoxysilane. Using NMR and FTIR, the functionalisation 
reaction and side-reactions were characterised, discovering that the reaction was only 20% efficient at all 
pH values. To avoid the inefficient functionalisation reactions and concerns over the reproducibility of 
natural polymers, the synthetic co-polymer poly(2-hydroxyethyl methacrylate-co-(3-
trimethoxysilane)propyl methacrylate) was synthesised by controlled polymerisation techniques (ATRP 
and ARGET ATRP) and typical free radical polymerisation (FRP). ATRP gave good control over molecular 
weight distributions, but the copper catalyst had serious implications on the chemical and architectural 
structure of the polymers. An NMR kinetics study was used to identify alternative polymerisation routes 
that could avoid the problems associated with the copper catalyst. The polymers were introduced into the 
sol-gel process to produce entirely synthetic hybrids with non-brittle (tough) behaviour and dissolution 
rates controlled by the polymer composition. The hybrids also exhibited hydroxyapatite precipitation in 
simulated body fluid, indicative of potential bioactivity in vivo. Hence, the aim of producing non-brittle, 
bioactive materials with controllable degradation rates was achieved. 
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The world’s aging population is making it increasingly necessary for bones and joints to be replaced or 
repaired. If a defect is small, the body may be able to repair the damaged bone unaided but where a large 
amount of tissue is affected a bone graft may be necessary for full regeneration
1
. The current gold 
standard is considered to be an autograft where bone tissue is taken from a site on the patient’s body and 
grafted onto a defect on the same patient. Although this avoids an unwanted immune response, two 
surgeries are required which increases recovery time, risk of infection and pain, and tissue morbidity often 
occurs at the donor site. Alternatively, bone may be grafted from another donor (allograft) or from 
another species (xenograft). However, these procedures increase the risk of disease transmission and 
rejection by the patient. The mechanical properties of the bone graft are reduced, as irradiation of the 
donor tissue is required to remove any remaining cells. In 2005, as many as 1.5 million bone graft 
procedures were carried out in the United States alone 
2
. It is therefore understandable that these bone 
graft materials are in short supply and that it is important that alternative materials are developed. 
Many current clinical treatments for bone defects replace the host tissue rather than attempting to 
regenerate it 
3
. Materials that can act as a supporting scaffold and stimulate the body’s natural repair 
mechanism, are of great interest as they will reduce the dependence on scarce allograft and autograft 
materials and limit the problems associated with disease transmission and risk of long term pain. 




1. Biocompatible. Williams originally defined biocompatibility of a long term medical implant as; 




If the material causes chronic inflammation or cytotoxicity it is not regarded as biocompatible. If a 
fibrous capsule forms around the implant to separate it from the rest of the body, the implant 
may be regarded as biocompatible and is described as inert. Since the development of the field of 
tissue engineering, the formation of a fibrous capsule around tissue engineering scaffolds is not 
usually desirable. In these cases a more appropriate definition for biocompatibility would be; 
“ the ability to perform as a substrate that will support the appropriate cellular activity, 
including the facilitation of molecular and mechanical signalling systems, in order to 
optimise tissue regeneration, without eliciting any undesirable local or systemic 




2. Osteogenic and promote cell adhesion, bond to bone and stimulate osteogenesis. This 
requirement suggests that rather than simply being inert, the material should be bioactive. Unlike 
inert materials, bioactive scaffolds form a direct bond to the host tissue to enable good interface 
stability and strength. Osteogenesis is the formation of new bone. Progenitor cells are stimulated 
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to differentiate into osteoblasts, the bone cells required to produce bone matrix. 
Osteoconductive materials, for example hydroxyapatite (HA, see Section 2.2.2) have a surface 
along which bone will grow and osseointegration describes the direct bone-scaffold bonding and 
ingrowth that produces strong interfaces 
8
. Osteoinductive materials can direct stem cells to 
produce new bone by a series of steps described in Section 2.2.3. 
 
3. Able to act as a template for bone growth and therefore have an interconnected porous 
structure that can allow cellular ingrowth, vascularisation and a supply of nutrients. For bone 
cells and vasculature to fully penetrate into the porous scaffold, the pores should be 




4. Biodegradable and resorb safely in the body with a controllable degradation rate. It is 
important that degradation products, including wear particles and polymer fragments, are also 
biocompatible. Small wear particles of HA have been shown to cause inflammation in joints 
10
 
while many monomer units in polymers are cytotoxic even if the polymer itself is not. The 
scaffold must provide mechanical support throughout its lifetime in the body and so must 
degrade at the same rate as the new bone is forming so that eventually the new bone becomes 
load bearing and replaces the scaffold. Autocatalytic degradation, seen in many polyesters, 




5. Tough, with mechanical properties similar to that of the host bone. The scaffold should have a 
compressive strength within the range of cancellous bone, 2-12 MPa 
12
. To avoid stress shielding, 
the stiffness of the scaffolds should be similar to natural bone. Stress shielding occurs when the 
implant takes the load rather than the bone leading to a reduction in bone mass as the 
osteoblasts and osteocytes remodel the tissue to match the new loading environment 
13
. Ideally 
the scaffold should have sufficient toughness to share load with bone under cyclic loading. 
 
6. Made by a fabrication process that allows the scaffold to be shaped to fit a range of defect 
geometries. The material must be easy for surgeons to use if it is to be successful as a 
commercial bone graft material. The method of fabrication and administration should be 
considered carefully to ensure reliable and reproducible results on a commercial scale. 
 
7. Sterilisable and meet the regulatory requirements for clinical use. Irradiated human bone shows 
reduced mechanical properties and an increase in brittle behaviour when compared to non-
irradiated bone 
14
. The sterilisation should not be detrimental to the material, e.g. cause 
degradation. Any new material must pass stringent tests such as cytotoxicity, haemolysis, and 
carcinogenicity and clinical trials before it will be approved. 
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Hybrid materials, where organic and inorganic networks interpenetrate at the nanoscale 
15, 16
, are 
potential candidates for tissue engineering scaffolds and are explored in this thesis. Hybrids can combine 
the toughness of polymers with the strength of ceramics and are potentially superior to composites since 
the organic and inorganic components can be covalently bonded to ensure strong interfacial bonding, 
leading to good mechanical properties, and congruent dissolution behaviour 
17
.  Natural polymers have 
been popular candidates as the organic component in hybrids for tissue regeneration because they are 
biodegradable and mimic the chemical structure of natural tissues 
17-21
. 
Natural polymers have been incorporated into many different biomaterials for various applications, e.g. 
chitosan has found uses in wound healing
22
, soft and hard tissue regeneration 
23-27
, and drug delivery 
28
. 
There are a number of problems associated with their use, including: 
Post-modification: Often, the chemical structure of the natural polymers must be altered to introduce 
appropriate functional groups that will provide the chemical properties necessary for its application. This 
is known as functionalisation. Typically, the polymers are water soluble, making some functionalisation 
reactions difficult or the reactions exhibit low efficiencies 
29, 30
. If polymers can be developed with 
monomer units already containing appropriate functional groups then one can eliminate the requirement 
for post modification reactions. 
Batch-to-batch variation: This makes it difficult to optimise fabrication processes as the polymers’ 
chemical and physical structures may change between species or individuals. The extraction process may 
also damage the polymer leading to a variety of chain lengths, chemistries and architectures. It becomes 
difficult to predict the reactivity and efficiency of functionalisation reactions or the final mechanical 
properties of the materials, governed by molecular weight 
31
. 
Ethical considerations:  Some religions restrict the use of bovine or porcine products, which are the 
typical sources of some natural polymers such as collagen or gelatin. Others restrict the use of shellfish, a 
useful source of chitosan. Some animal rights groups, vegetarians or vegans are against the use of animal 
products in biomaterials. This is more than an ethical and cultural concern, using these materials reduces 
the market that is accessible to a product and therefore reduces its value. 
These problems necessitate a paradigm shift away from the use of naturally derived and products and 
towards bespoke synthetic materials, with the ability to tailor the properties we require for the 
application. Circumventing these problems by using synthetic materials may make these biomaterials 
more reliable and attractive for use as tissue regeneration scaffolds. The ultimate aim of this thesis was to 
develop materials with the potential to be used as bone graft materials. 
Thesis Roadmap 
In this thesis, two types of hybrids are investigated. Initially (Chapters 3 and 4), a natural polymer-based 
hybrid material using chitosan covalently coupled to silica was explored. The main focus was on 
characterising the functionalisation step of the material synthesis in order to identify the optimum 
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reaction conditions. Once the reaction was characterised, the material was fabricated into porous 
constructs by combining the sol-gel process with foaming and freeze drying techniques. 
The second part of this thesis (Chapters 5, 6 and 7) explores the development of a statistical co-polymer 
based on 2-hydroxyethyl methacrylate (HEMA) and 3-(trimethoxysilane)propyl methacrylate (TMSPMA), 
chosen because of the combination of biocompatibility and hydrophilicity of pHEMA and the alkoxysilane 
groups of TMSPMA that can be covalently bonded to the silica network. Using controlled and uncontrolled 
polymerisation techniques the polymer was synthesised and incorporated into the sol-gel process to make 
hybrid monoliths which were characterised to establish the effect of the polymer on mechanical and 
dissolution properties. The aim was to identify the optimal composition for bone regeneration materials. 
As a result of studies of the polymerisation procedures, unexpected reactions of the solvents with the 
reagents were observed, which had not been previously studied in the literature. Therefore this was 
investigated further (in Chapter 5).  
Finally, work was started to adapt the synthetic polymer to incorporate degradable ester groups and allow 
the synthesis of a fully degradable material which may find uses in bone regeneration scaffolds (Chapter 
5).  
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Image: pHEMA-silica hybrid monoliths visualised under crossed polars 
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2.1 Structure of cancellous bone 
There are two forms of hard tissue present in long bones. Cortical bone is found as a hard, dense outer 
layer around the marrow of the bone which provides support and protection. Cancellous (spongy or 
trabecular) bone is found at the ends of the long bones and is made up of a network of trabeculae which 
are aligned with the direction of greatest force. The bone is constantly remodelled by the bone cells, 
osteoblasts which lay down new bone and osteoclasts which act to degrade the bone matrix, to adapt to 
the loads it experiences 
13
. The very ends of the long bones are covered in cartilage which has a low 
coefficient of friction and allows joint movement. 
 
 




The three main constituents of bone are the bone matrix, the bone cells, and bone marrow. In mature 
mammalian bone, around 10 % of the matrix is water, 20 % is collagen, 70 % is inorganic bone mineral, 
and the remainder is made up of other organic molecules, proteins and inorganic salts 
33
. From a materials 
science point of view, bone can be considered to be a nanocomposite with a structure spanning different 
length scales (Figure 2.1). The inorganic bone material consists mainly of HA, Ca10(PO4)6(OH)2. However, in 
natural bone, the HA is non-stoichiometric with reported deficiencies in calcium and hydroxyl (Ca:P ratios 
of 1.37-1.87) and ionic substitutions such as carbonate, magnesium, and silicon. The collagen in bone can 
vary from being either a random network of bundles of protein triple helices or highly aligned sheets and 
helical bundles. Part of the role of collagen is to provide a toughening mechanism to the nanocomposite 
preventing brittle failure. 
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FIGURE 2.2 – 3D X-RAY MICROTOMOGRAPHY IMAGE SHOWING INTERCONNECTED MACROPORES OF CANCELLOUS 
BONE. MODIFIED FROM JONES ET AL. 
34
 
Cancellous bone has an interconnected porous structure as shown in Figure 2.2. A suitable bone 
regeneration scaffold should mimic this to allow for cell penetration, vascularisation, and to allow for the 
flow of nutrients and waste product with interconnects in excess of 100 µm 35. 
 
The next section will identify some of the current and potential bone regeneration and replacement 
materials and their advantages and disadvantages. 
2.2 History of bioactive materials 
The first biomaterials were almost exclusively bio inert. Bio inert implants tend to trigger an inflammatory 
response that leads to them being encapsulated with fibrous tissue. Bioactive ceramics and glasses can 
form a bond to bone, usually through the formation of a calcium phosphate layer on their surface that is 
similar to biological apatite. 
2.2.1 Inert bioceramics and metals 
Metals such as stainless steel, cobalt based alloys, titanium and its alloys are currently in use as metallic 
implants. All of these alloys exhibit a high corrosion resistance in chloride environments due to the 
stability of the oxide layer that forms on the implants. However, the Young’s modulus for all of the 
materials is significantly higher than that of cancellous bone potentially leading to stress shielding. Metals 
are generally not bioactive, which means that they will become encapsulated in a fibrous sheath, reducing 
the strength of the interface between the implant and the tissue. Recently, there has been concern over 
the cytotoxicity of metal wear particles, with many “metal on metal” hip replacements being recalled 
36, 37
. 
 Natural and synthetic polymer-based hybrid materials for tissue regeneration 
Page 30 Imperial College London  Louise S Connell 
2.2.2 Calcium phosphates 
Calcium phosphate biomaterials include synthetic HA (Ca10(PO4)6OH2), tricalcium phosphate (TCP) 
Ca3(PO4)2, and various calcium phosphate cements (CPC). HA is commonly used in bone defect reparations 
because it has a composition similar to that of natural bone mineral and demonstrates the desirable 





, and silicon 
40
 to reduce the stoichiometry and make the ceramic structure closer to that of 
natural bone mineral. The substitutions lead to an increase in bioactivity (as measured by the ability to 
form an apatite layer in simulated body fluid (SBF) 
41
) and in vivo 
42, 43
. However, the main drawback for HA 
is that it has a slow degradation rate and although it promotes bone growth along the implant, it is not 
osteoinductive. This means that the material does not stimulate bone growth away from the implant. For 
this reason, HA is more suitable for bone augmentation applications rather than bone regeneration. TCP 
resorbs much more quickly than HA 
44
 and has been shown to produce an apatite layer on its surface more 
quickly suggesting a higher bioactivity. However, the rapid degradation of the material and the concurrent 
decrease in mechanical strength means that TCP is not suitable for a bone regeneration scaffold. 
CPCs allow an alternative fabrication route by mixing reactive calcium phosphate powders in an aqueous 
solution to form a paste which can be injected into a defect and which will harden within minutes on 
contact with tissue fluid 
45
. While these cements offer a promising bioactive material with an easy route 
for administration, the basic properties of the cements, including setting time and fracture mechanics, are 
not fully understood. There have also been reports of increased risks of blood clots forming due to the 
release of calcium phosphate particles into the blood 
45
. Obviously, this is a serious concern that must be 
addressed before clinical applications can be developed. 
2.2.3 Bioactive glass 
Bioactive glasses (BGs) were first developed by Larry Hench in 1969 
46
. They were based on a melt-derived 
sodium-calcium-silicate glass with P2O5 added. The degree of bioactivity was found to be controlled by the 
chemical composition of the glass to give a range of properties as shown in Figure 2.3. The first glass 
developed, 45S5, had the composition 45 wt% SiO2, 24.5 wt% Na2O, 24.5 wt% CaO and 6 wt% P2O5 and 
showed a bending strength of 40-60 MPa and a Young’s modulus of 30-50 GPa 
46
. Through a series of 
dissolution and reprecipitation steps (see Section 2.2.3.1) in SBF and in vivo, BGs develop a crystalline 
apatite layer, similar to native bone, on their surfaces within a few hours. The crystalline apatite layer then 
goes on to form a strong bond to both bone and soft tissue to become integrated without the formation 
of fibrous tissue 
47
. There was also no cytotoxic or immune response detected in vivo. The glasses dissolve 
over time making them excellent candidates for regenerating bone tissue scaffolds. Unlike HA, bioactive 
glasses are osteoinductive 
48, 49
. This means that not only do they promote bone formation on the glass 
surface, they also stimulate the differentiation of immature bone cells and the production of bone matrix 
away from the material surface via the action of dissolution products.  
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2.2.3.1 Origin of bioactivity in bioactive glasses 
The biomineralisation of apatite on bioactive glasses has been investigated and described by Pereira and 
Hench 
50









 into the glass to replace them. The silica network 
becomes hydrated and forms silanol groups on the glass surface. As the H
+
 ions are used up from solution, 
the localised pH increases. This increase in pH leads to the an increase in the loss of silica into solution as 
Si(OH)4. 
The third stage of the process involves the condensation and repolymerisation of an SiO2 layer on the 




 from the surrounding solutions migrate towards the surface and form 
an amorphous layer of CaO-P2O5. This amorphous layer becomes more crystalline as OH
-
 ions and CO3
2-
 
are incorporated from the solution. Ultimately, a mixed hydroxyl carbonate apatite (HCA) layer, similar to 
that of native bone, is formed on the surface of the glass. 
The next stages of bone bonding are not proven, but it is suggested that adsorption and desorption of 
growth factors onto the HCA layer stimulates the differentiation of stem cells. Silicon in solution has also 
been shown to play a key part in cell differentiation by up regulating a family of seven genes necessary for 
bone formation 
51
. Immature stem cells differentiate to osteoblasts and produce extracellular matrix 
(ECM). The ECM causes the crystallisation of an inorganic CaP matrix which eventually encloses the bone 
cells and they become mature osteocyte cells. 
The first stage is the rate determining step and so glass network connectivity is thought to determine the 
bioactivity of the material. Incorporation of network disruptors, such as sodium, calcium and strontium 
ions, reduces the connectivity of the glass and hence increases the rate of dissolution of the silicate and 
calcium ions vital for bioactivity of the glass. The maximum silica content for bioactivity is thought to be 
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approximately 60 mol%., which corresponds to a network connectivity (average number of bridging 
oxygen bonds per silicon) of 2.4 
47, 52
. 
2.2.4 Sol-gel bioactive glasses 
Li et al. developed a low temperature method of fabricating ternary bioactive glasses via the sol-gel route 
28
. The range of compositions that show bioactivity is wider than that of melt-derived glasses, allowing the 
chemical composition to be simplified to a binary system by Saravanpavan et al. known as 70S30C (70 
mol% SiO2 and 30 mol% CaO) 
53
. Apatite has been shown to form on glasses with up to 90 mol% silica 
5, 54
 
and was attributed to the mesoporous structure, inherent in the sol-gel process (see Section 2.3), which 
causes the surface area of the glass to increase by two orders of magnitude over that of the melt-derived 
glasses. This exposes large numbers of non-bridging Si-OH groups on the surface which act as nucleation 
sites for calcium phosphate. However, the network connectivity of sol-gel glass is also lower than 
expected because there are –OH groups incorporated into the glass network, with the protons acting as 
additional network modifiers 
55
. Bioactive 70 mol% SiO2 and 30 mol% CaO glasses were fabricated into 
porous scaffolds exhibiting pores with interconnect diameters of 98 µm and strengths of 2.4 MPa 
measured dry under uniaxial compression 
5
. These properties are all close to those of cancellous bone, 
which make these sol-gel bioactive glasses a promising candidate for synthetic bone graft materials. 
However, the one major problem with BGs is that they are brittle. This means that BGs are weak under 
tension and cyclical loading and so restricts the use of BG to non-load bearing applications such as spinal 
fusion operations. 
2.3 The sol-gel process 
The sol-gel process can be used to form a silica network by the gelation of suspensions of silica precursors. 
It is widely accepted that there are two stages involved in network formation; acid or base catalysed 
hydrolysis and condensation. Depending on reaction conditions, the two steps may occur simultaneously 




Hydrolysis:  Si(OR)4 + nH2O  (OH)nSi(OR)4-n + nROH 
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FIGURE 2.4 – HYDROLYSIS OF ALKOXYSILANE PRECURSORS AND SUBSEQUENT CONDENSATION IN THE SOL-GEL ROUTE 
BY A) ACID AND B) BASE CATALYSIS. REDRAWN AND ADAPTED FROM VALLIANT ET AL. 
16
 
For sol-gel glass and hybrid monolith samples, acidic conditions are employed to catalyse hydrolysis and 
condensation. The exact mechanism of polycondensation is not proven, but it is proposed to be an SN2 
reaction 
57
. The structure of the silica network changes around pH 2.2, the isoelectric point of silicic acid 
(Si(OH)4)  
57, 58
. The rates of hydrolysis and condensation are controlled by the stability of the transition 
state. At pH less than 2.2, the transition state is positively charged. Alkoxy groups are more electron 
donating than hydroxyl groups, so act to stabilise the transition state. The rate of reaction will be fast for 
the first hydrolysis but will decrease for each subsequent hydrolysis. It also means that at low pH, 
condensation occurs fastest on the first hydrolysis product, (OH)Si(OR)3 leading to an open network of 
chains of silica with limited crosslinking (Figure 2.4a).  Conversely, at pH greater than 2.2, the negative 
transition state becomes more stable as hydroxyl groups replace the alkoxy groups. The first hydrolysis is 
the slowest with subsequent reactions becoming faster. The fully hydrolysed species, Si(OH)4, undergoes 
condensation fastest due to the stabilisation of the negative transition state leading to highly cross linked 
particles of silica (Figure 2.4b) 
57
. 
Under acidic catalysis, the nanoparticles of silica coalesce to form secondary particles up to 20 nm 
diameter (Figure 2.5). Coordination of the secondary particles results in mesoporous gel formation, where 
the interstices between secondary particles form pores between 2 and 50 nm. 
55
 
FIGURE 2.5 – FORMATION AND COALESCENCE OF PRIMARY NANOPARTICLES TO FORM SECONDARY PARTICLES AND 
EVENTUAL GEL FORMATION (ACID CATALYSIS). ADAPTED FROM LIN ET AL. 
55
 
 Natural and synthetic polymer-based hybrid materials for tissue regeneration 
Page 34 Imperial College London  Louise S Connell 
The time for gelation is pH dependent. Networks formed at pH 2.2, the isoelectric point of silicic acid, take 









FIGURE 2.6 - EFFECT OF PH ON THE GELATION OF COLLOIDAL SILICA. ADAPTED FROM ILER 
59
 
For 70S30C sol-gel glasses, the sealed gels are held at 60 ºC in a step called ageing to allow further 
condensation, increasing stability of the network. The gels are then dried at 130 ºC to remove water and 
alcohol by-products. This step often results in shrinkage and the development of stresses within the 
sample and so drying must be done in a controlled manner to ensure the integrity of the glass. Thermal 
stabilisation at 600 ºC causes the particles to fuse together, removing surface silanols 55, 60 and sintering at 
800 ºC densifies the glass further. These steps are used in 70S30C glasses to improve the mechanical and 
dissolution properties of the glasses and to enable calcium incorporation into the silicate network. 
Advantages of the sol-gel method over melt derived glasses include the possibility of the use of low 
temperatures and mild synthesis conditions. Modification of the sol-gel process so that aging and drying 
are carried out at lower temperature and without stabilisation or sintering, allows polymers or biological 
molecules such as proteins or drugs to be incorporated. Consideration of the pH used is important as low 
pH may result in hydrolysis or chain scission of polymers introduced and high temperatures may denature 
or result in combustion of the chains. A study into the effect of temperature and pH on the nanostructure 
of 70S30C glasses found that the pore sizes of glasses formed at 40 ºC were smaller in diameter and with a 
lower surface area than those stabilised at 600 ºC but that pH had little effect above pH 2. However, the 
ion release from the 40 ºC formed glasses was much more rapid than those formed at 600 ºC 61. Lin et al. 
identified that when using a calcium nitrate source, calcium was not incorporated into the glass networks 
until around 450 ºC 55. At which point, the calcium would become incorporated into the glass network, 
creating silica-oxygen-calcium non-bonding species, hence reducing the network connectivity. However, at 
temperatures less than 450 ºC calcium nitrate remained on the surfaces of the gels and was lost into 
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solution rapidly on submersion. The same was true for calcium chloride 
18
, often preferentially used 
instead of calcium nitrate, due to the toxicity of nitrates in the body 
16
. 
The mechanical properties of the scaffold can be tailored by changing the size and type of precursor, 
chemical cross linking between sol particles and by altering the ageing, drying and sintering steps 
62, 63
. The 
main limitation of the method is the cost of the reagents and the time required. The dimensional change 
that occurs on drying causes stresses to develop making large monolithic samples difficult to fabricate 
crack-free.  
To create interconnected porous foams the sol-gel process used by Li, Clark and Hench 
64
 was adapted by 
Sepulveda et al. 
65
 and Jones et al. 
66
 A surfactant was added to the sol and vigorously agitated to produce 
a foam, then prior to casting, hydrofluoric acid (HF) was added as a gelling agent to fix the macroporous 
structure 
5
. HF acts as a gelling agent by speeding up the condensation of the silica network from days or 
hours to minutes. It is thought that this occurs by increasing the coordination around the silicon to greater 
than four, weakening and stretching bonds making the reaction intermediate more reactive. Alternatively, 
the F
-
 ion might replace the similarly sized OH
-
 ion coordinating the silicon and, as it is more electron 
withdrawing, reduce the electron density making the silicon more susceptible to nucleophilic attack. 
Nitrogen sorption data show that mesopores were retained so that the hierarchical structure of the 




Although sol-gel derived bioactive glasses show strong bonding to bone and can be made into hierarchical 
interconnected porous structures, their major downfall is that they are brittle. Their compressive 
strengths are similar to that of cancellous bone but they cannot be used in load bearing applications, 
particularly under cyclical loads. To address this, polymers can be incorporated into the ceramics and 
glasses to create composites. Composites combine the properties of tough polymers with those of the 
strong glass to give a material that is both strong and tough. This is similar to the structure of cancellous 
bone which is considered by material scientists to be a composite of HA and collagen (Section 2.1). 
One such example is HAPEX which contains up to 45 vol % HA as a filler in a high density polyethylene 
(HDPE) matrix 
67
. The stiffness of the material was shown to be similar to that of cancellous bone and 
strong bonding was found in vivo. In cell culture studies, osteoblasts were observed to attach to the HA 
particles that were exposed at the composite surface. Since the HDPE is not bioactive or degradable, the 
HA must be exposed for cell attachment to occur and the surface of the implants had to be optimised by 
polishing and roughening. 
Biodegradable polyesters including polylactide and polyglycolide, used in resorbable sutures and passed as 
safe for use in implants in the body by the Food and Drug Administration (FDA), have been combined with 
HA to improve the toughness of the ceramics 
68
. The ester bonds of polyglycolide and polylactide degrade 
by the autocatalytic reaction, hydrolysis, which can reduce the pH of solutions in the vicinity of the 
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materials leading to inflammation of the surrounding tissue and increased rate of polymer degradation 69, 
70 71. The rate of degradation of the polymer is rapid, particularly in large bulk samples where diffusion 
lengths of the hydrolysis products are long, resulting in rapid reduction in mechanical properties and mass 
loss once degradation begins 69. 
The main challenges to be overcome for use of composites as successful bone regeneration scaffolds are 
the poor integration of components, mismatched degradation rates and the poor interface stability 
between the organic and inorganic components. A poor interface will reduce the mechanical strength of 
the material and lead to incongruent dissolution of the two components. If the polymer phase is lost 
shortly after submersion in solution, the brittle inorganic phase will remain. Inorganic particles embedded 
in an organic matrix may be difficult to disperse, leading to inhomogeneous particle distribution. The 
importance of cell interaction with the two components was identified in the study of HAPEX and 
polyester containing composites with surface pre-treatment necessary 67. To eliminate this, it is important 
that there is an intimate interaction between interpenetrating organic and inorganic components so that 
they cannot be distinguished above the nanoscale. This will mean that the bone cell will “see” a single 
phase bioactive material that degrades uniformly as the new tissue forms. This type of composite is a 
nanocomposite or hybrid material. 
2.5 Hybrids 
A hybrid material is composed of two different components that interpenetrate and interact on the 
nanoscale (<100 nm). Hybrids can be formed using the sol-gel process by incorporating the polymer into 
the sol prior to gelation or by incorporating organic monomer units that polymerise at the same time as 
the inorganic network forms 72. Some polymers can be functionalised or synthesised to incorporate 
alkoxysilane groups along the organic chain which can be hydrolysed and subsequently condensed to form 
part of the silicate network creating strong covalent bonding between the components. 
 
FIGURE 2.7 – TYPE II HYBRID MATERIAL ILLUSTRATED SCHEMATICALLY SHOWING COVALENT LINKING BETWEEN THE 
ORGANIC AND INORGANIC COMPONENTS. MODIFIED FROM VALLIANT AND JONES 16 
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Two types of hybrid have been defined by Novak 
15
; type I and type II. In type I hybrids, polymer molecules 
containing no alkoxysilane groups are introduced into the sol-gel process during the formation of the 
silicate network. Interaction between the organic and inorganic networks is via hydrogen bonding and 
ionic attractions. There is no covalent bonding between the two networks. As a proof of concept study, up 
to 30 wt% of the water soluble polymer polyvinyl alcohol (PVA) was incorporated into the sol-gel process 
with TEOS as the silica precursor to produce type I hybrid foams 
54, 73
. The introduction of PVA increased 
the strain to failure from 1% to 8% showing that polymer incorporation softened the material. The failure 
stress of the materials were too low for use as a bone scaffold and is likely to be due to the low molecular 
weight of the polymer used. The molecular weight that could be incorporated was limited by the 
maximum size of PVA polymer that can be processed by the kidneys. Although this depends on a number 
of factors, including chemical composition and architecture (hydrodynamic radius), it is proposed that the 
upper limit for acceptable molecular weight is 16 kDa 
4
. However, there is little experimental data 
available and for other polymers, such as PEGylated oligonucleotides, it is proposed that up to 70 kDa can 
be excreted by the renal system 
74
. A polymer of molecular weight greater than 100 kDa, to ensure 
molecular entanglements, that degrades in solution into oligomers would be the most suitable candidate 
for inclusion 
4
. The weak interaction between the polymer chains and the silica network may lead to phase 
separation and rapid polymer dissolution. This is problematic as it leaves only the brittle inorganic phase, 
or leads to complete disintegration of the hybrid structure as water separates the polymer and silica 
components. For this reason, the main focus of this thesis will be on type II hybrids. 
Hybrids where there is covalent bonding between the two networks are defined by Novak as type II and 
illustrated in Figure 2.7 
15, 16
. A number of different natural polymers have been incorporated into a silica 
network using a coupling agent such as (3-glycidoxypropyl) trimethoxysilane (GPTMS). The exact nature of 
the functionalisation step using GPTMS is under debate and a focus of this thesis (see Section 2.6.3.1 and 
Chapter 3), but it is proposed that the epoxy ring on one end of the GPTMS molecule reacts with 
functional groups along the polymer chain by nucleophilic substitution, grafting methoxysilane groups 
along the polymer chain. Simultaneous hydrolysis of the methoxy groups gives silanol groups that go on to 
condense and form the inorganic silicate network. The organic/inorganic ratio can be controlled either by 
adjusting the amount of GPTMS used or by varying the amount of additional silicon alkoxide precursors 
that have been hydrolysed separately in acid. Covalent links form between the networks via the GPTMS 
molecule. The degree of covalent coupling has a significant effect on the mechanical and degradation 
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2.6 Potential candidates for the organic phase 
There are a number of properties to consider when selecting a suitable polymer to act as the organic 
phase of bone regeneration hybrid materials. These include: 
 Biocompatibility of initial polymer and degradation products 
 Solubility in the sol-gel process 
 Suitable functional groups for coupling to the inorganic network. This could be either by post 
modification using a coupling agent or by incorporation of alkoxysilane groups during polymer 
synthesis. 
 Molecular weight. The molecule needs to be long enough to provide toughening molecular 
entanglements but either short enough to pass through the kidneys or can be fully or partially 
degraded to short chains that are able to be excreted. 
In this section, the advantages and disadvantages of potential candidates for the organic phase of the 
hybrids will be explored including a discussion of the properties of existing type II hybrids and their 
applicability to bone regeneration scaffolds. 
2.6.1 Gelatin and collagen 
When designing a biomimetic hybrid material for bone regeneration, one of the most obvious choices is 
collagen. As described earlier, collagen makes up 90% organic content of natural bone, providing 
toughness to the material. Collagen is sparsely soluble in water whereas denatured collagen, gelatin, is 
soluble in weakly acidic solutions above 37 ºC. The gelatin chains are made up of a string of amino acids 
and so have amine and carboxylic acid groups along its length that have the potential to be functionalised, 
enabling covalent coupling between the components. Collagen and gelatin are broken down by enzymes 
in the body, allowing surface degradation and avoiding self-catalysed hydrolysis. This provides more 
predictable degradation profiles. Additionally, collagen and gelatin have recognisable patterns of amino 
acids that promote cell adhesion. 
Although gelatin appears to be a promising candidate for use in hybrid scaffolds, there are ethical and 
religious concerns with its use. Typically, gelatin is derived from porcine or bovine sources, which raises 
concerns over disease transmission for example, bovine spongiform encephalopathy (BSE). There may be 
differences between the chemical structures of gelatins derived from different species or between 
batches making functionalisation, process optimisation, and regulation difficult. 
Ren et al. first incorporated gelatin into type II hybrids via the sol-gel process using GPTMS as both the 
silica precursor and the coupling agent 
75-77
. The authors hypothesised that under acidic conditions, the 
epoxy ring of GPTMS will become susceptible to nucleophilic attack from the amine and carboxylic groups 
of gelatin. Using amino acid analysis they established that certain amino acids were more highly coupled 
to the GPTMS but could not confirm the reaction using other techniques due to the complicated structure 
of the gelatin. The ratio of GPTMS to gelatin was found to have a significant effect on the stiffness of the 
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hybrids as well as on the degradation profiles in trishydroxymethylaminomethane (TRIS) buffer solution. 
For porous scaffolds containing originally 100 g gelatin, an increase in GPTMS content from 33 wt% to 50 
wt% resulted in a reduction in the rate of degradation from complete dissolution to only 60 g weight loss 
after 35 days. The authors attribute the effects to the increase in crosslinking, however, the silica content 
and crosslinking effects cannot be separated as both are affected by the GPTMS content. Mahony et al. 
incorporated TEOS as the main silica precursor with GPTMS primarily acting as a coupling agent 
17
. In this 
way the two parameters were independently controlled. The stiffness was found to increase with 
increasing coupling, confirming the results found by Ren. Tapping mode atomic force microscopy (AFM) 
results showed that there was a refinement of the organic and inorganic rich regions when coupling was 
introduced. This highlights the importance of ensuring that there is an intimate interaction between the 
different components to ensure that a true hybrid is achieved. 
2.6.2 Poly(γ-glutamic acid) 
Poly(γ-glutamic acid) (PGA) is a polyamide derived from recombinant bacteria. PGA has functionalisable 
carboxylic acid groups that can allow coupling to the silicate network via GPTMS. Although the free acid 
form of PGA is insoluble in water due to strong hydrogen bonding between chains, it is soluble in DMSO 
18
. 
It can be converted into the water soluble calcium salt form and so simultaneously act as a calcium source 
for bone regeneration materials 
20
. The main drawback of using PGA is the variability of chemical structure 




FIGURE 2.8 – STRUCTURE OF PGA 
Poologasundarampillai et al. 
18
 created PGA silica hybrids using GPTMS as a coupling agent and showed 
that the degree of coupling affected the degree of interaction between the inorganic and organic phases 
by reducing the degradation rate of the hybrid. However, the solvent DMSO retarded the gelation of the 
hybrid from minutes to weeks and altered the final nanostructure and nanoporosity obtained. 
To address the insolubility of PGA, salt forms of the polymer have been created by associating calcium and 
sodium cations with the carboxylic acid groups on the polymer 
20
. These forms of the polymer are soluble 
in water, and so it becomes possible to incorporate the polymer into the sol-gel process and for the 
polymer to act as a calcium source to produce bioactive hybrids via the chelation of calcium(II) by the 
carboxylic acid groups. These hybrid monoliths showed apatite formation within 1 week in SBF 
20
.  
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2.6.3 Chitin and chitosan 
Chitosan (Figure 2.9) is the deacetylated form of chitin, a polysaccharide of N-acetyl-D-glucosamine and 
the second most abundant organic material on Earth 
78
. Its high abundance means that it is inexpensive 
and readily available from the shells of crustaceans, molluscs and the cell walls of fungi. 
 
 
FIGURE 2.9 – STRUCTURE OF CHITOSAN (LEFT) DERIVED BY DEACETYLATION OF CHITIN (RIGHT) 
Chitosan is a popular choice for biomedical applications. This is due, in part, to the ability of lysozymes in 
the human body to degrade the molecule 
79, 80
. Both the polymer and the degradation products are 
biocompatible and non-toxic. In fact, the monomer units are common amino sugars which can be fed into 
the metabolic pathway to form glycoproteins or excreted as carbon dioxide 
80
. Chitosan has been known 
to exhibit protein adsorption due to its cationic nature, and has antibacterial and fungicidal properties as 
well as wound healing capabilities. Chitosan, derived from a structural polymer, has good mechanical 
stability and has the interesting property of easily forming sheets and films. This means that it is easy to 
form freeze dried scaffolds with thin films of chitosan forming between the ice crystals that shape pores 
(see Section 2.8). Chitosan has found uses in many different areas including treatment for burns, water 
purification, chromatography, as well as drug delivery and tissue engineering 
23, 80-83
.  
In organic acids, such as formic or acetic, the amine groups along the chain chitosan chain become 
protonated and form salts rendering the polymer soluble 
24, 84, 85
. Chitosan is also soluble in dilute HCl (pH 
< 6), although this is the only mineral acid it has been known to be soluble in 
86
. Care must be taken to 
ensure that the acid does not cause hydrolysis of the glycosidic bonds and reduce the molecular weight of 
the polymer so pH values close to neutral may be favoured over strongly acidic solutions. The amine and 
hydroxyl functional groups of the chitosan may be functionalised to alter the properties of the polymer.  
A number of silica-chitosan type I hybrids have been formed using a sol-gel process with TEOS and TMOS 
as the alkoxide precursors and no coupling agent 
87-92
. Transparent, glassy samples were obtained 
suggesting the silica and chitosan were homogenously dispersed at the sub-micron level. One study 
identified silicate particles or spherical domains between 2 and 7 nm in size dispersed in a chitosan matrix 
90
. In another case, agglomeration of the silica was observed as the silica content increased suggesting that 
a poor interaction between the organic and inorganic components allowed phase separation to occur 
57
. 
Fabrication routes that involved soaking steps to remove precursors or solvents resulted in a lower 
amount of chitosan to be present in the final hybrid than expected 
88
. It is likely that during the soaking 
steps some of the chitosan dissolved into the soaking solution, reducing the chitosan content in the final 
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hybrid. This again highlights the importance of ensuring the chitosan and silica are strongly bonded to 
promote concurrent degradation. 
It is clear that there must be a strong interaction between the silica and chitosan components to achieve a 
true hybrid material with good mechanical and degradation properties. Osaka and co-workers and Lai and 
co-workers produced several studies investigating silica-chitosan type II hybrids where GPTMS acts as both 
the silica source and as a coupling agent between the organic and inorganic components 
26, 93-97
. Osaka’s 
group developed porous scaffolds for biomedical applications by employing freeze drying techniques 
while Lai developed membranes for separation applications. These groups hypothesised that the covalent 
bonding occurs between the epoxy ring of GPTMS and the primary amine in the chitosan repeating unit as 
illustrated in Figure 2.10. Simultaneous hydrolysis of the alkoxide groups on the GPTMS and subsequent 
condensation of the silanol groups forms the silicate network. This was confirmed using 
29
Si Nuclear 
Magnetic Resonance (NMR) 
96
 by measuring the relative proportions of T
n
 species present. T
n
 species is a 
nomenclature used where T indicates a silicon species bonded to a carbon, as in GPTMS, and the 
superscript number determines the number of Si-O-Si bonds (bonding oxygens) the silicon forms. Liu et al. 
observed an increase in T
3
 species with increasing GPTMS content suggesting that there may be a critical 
amount of GPTMS required to get good silicate network connectivity. However T
3
 species can form due to 
condensation of silanol groups at the end of the GPTMS molecule without necessarily having bonding 
between GPTMS and the polymer. 
The mechanical data presented by Lui et al. 
96
 and Shirosaki et al. 
95
 showed that increased GPTMS content 
reduced the tensile strength and the strain to failure of the material. The brittleness of the samples 
increased with increasing GPTMS so that if the content was above 1:1.5 molar ratio of chitosan:GPTMS, 
the samples were too brittle to be tested. When investigating the modulus however, Liu et al. showed that 
the modulus reduced by a third on addition of 40 wt% GPTMS to pure chitosan whereas Shirosaki et al. 
observed no trend, with the modulus fluctuating between 3 and 5 MPa for GPTMS contents of 0-75 wt%. 
Although at high GPTMS loading a decrease in stress and strain was experienced, Shirosaki et al. observed 
an initial increase in stress and strains for the hybrid with lowest GPTMS content compared to pure 
chitosan. This suggests that there is a critical point at which increased GPTMS content results in brittle and 
fragile samples. A study by Chao 
98
 confirmed this as increasing the GPTMS content above 55 wt% caused 
the scaffold to disintegrate. Unfortunately, none of these studies separate the effects of coupling and 
silica content so the relative effects of each cannot be identified. 
At the time of writing, there are only three studies that present a material fabricated from chitosan and 
TEOS with GPTMS as a coupling agent 
82
. All three studies investigate chitosan-GPTMS-TEOS hybrid 
membranes; one for use in isopropanol-water separation 
82
 and two for bone tissue regeneration 
21, 99
. 
Shirosaki et al. hypothesised that enriching the hybrids with silica by introducing TEOS would enhance the 
bioactivity of the materials as silica has been shown to promote bone regeneration 
21
. Increasing the 
GPTMS content stimulated MG 63 cells to proliferate on the membrane surfaces, presumably due to 
increased wettability as hydroxyl concentration increased as GPTMS content increased 
99
. However, 
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increased TEOS content reduced cell proliferation but stimulated ALP production, an indication of bone 
cell differentiation 
99
. Shirosaki et al. highlight the importance of this result as it indicates that both the 
silica species and content is important for the promotion of bone regeneration 
100
. No mechanical data 
was presented in these studies. However, the authors commented that the membranes became 
increasingly stiff as the GPTMS content increased 
21
, illustrating the ability to tailor the materials’ 
properties by altering crosslinking and composition. 
2.6.3.1 Characterisation of chitosan functionalisation 
 
FIGURE 2.10 – SCHEMATIC ILLUSTRATING THE DIFFERENT REACTIONS PROPOSED TO OCCUR BETWEEN CHITOSAN AND 
GPTMS. WHERE DIOL GROUPS ARE ILLUSTRATED, UNOPENED EPOXIDE RINGS MAY ALSO BE PRESENT. ADAPTED 
FROM CONNELL ET AL. 
101
 
The motivation for using the coupling agent GPTMS is that it contains an epoxide ring which can undergo 
acid catalysed nucleophilic attack. The epoxide ring is hypothesised to open and graft trimethoxysilane 
functional groups along the polymer chain 
102
. The trimethoxysilane group is simultaneously hydrolysed 
under acidic conditions to give silanol groups which condense in a sol-gel process to give a silica network 
covalently bonded to the polymer. Silica precursors such as TEOS can be added during the sol-gel process 
to adjust the organic content of the hybrids. As summarised in the previous section, a number of groups 
have utilised this reaction in chitosan, but none have fully characterised the functionalization step. In fact, 
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the mechanism of interaction between chitosan and GPTMS is still under debate, with several different 
mechanisms proposed (Figure 2.10): 
• Covalent coupling of the epoxide ring to the primary amine to form a secondary amine 95, 96, 98 
• Ionic bonding between the positively charged amine groups and negatively charged silanes 81, 95 
• Covalent coupling between the hydroxyl groups of the chitosan via the epoxide ring 82 
• Condensation of silane groups with hydroxyl groups 90 




• Hydrogen bonding between amine, amide and hydroxyl groups (exclusively or in combination 
with the above) 
103
 
So far, the current evidence for the mechanism consists of qualitative FTIR data where a reduction of the 
band at 1550 cm
-1
 (Amide II band – bending of the N-H bond of a primary amine) is used as evidence of a 
reaction occurring. However, the nature of the interaction is uncertain.  In an attempt to quantify the 
degree of coupling, Shirosaki et al. used a ninhydrin assay to show that 80 % primary amine groups are 
converted to secondary amines regardless of the amount of GPTMS 
95
. In this assay, primary amines 
appear red-purple while secondary amines are indicated by yellow-orange. This was the case even when 
the ratio of GPTMS to amine groups was as low as 0.1. The validity of this assay is questionable as they did 
not consider the relative reactivity of the different chitosans (reacted and unreacted) towards the assay 
104
. Calibration curves are required for each different type of chitosan, including varying degrees of GPTMS 
substitution, to quantify each form which would be unfeasible for this system.  
Other groups have hypothesised that since the chitosan is only soluble in weak acid, when the amine 
groups are protonated, that this would reduce their nucleophilic behaviour, rendering them unable to 
react with the epoxide ring. Instead, the ring would be hydrolysed to form diol species. Varghese et al. 
hypothesised that the epoxide ring would react with the –OH groups of the chitosan 
82
. However, this is 
unlikely given the weak nucleophilic nature of the hydroxyl groups and the large number of water 
molecules in solution which are more likely to react. Although intuition suggests that higher pH values 
would increase the nucleophilicity of the amine group, chitosan is only soluble in weakly acidic solutions 
and so precludes the use of neutral or basic reaction conditions.  
Gabrielli et al. investigated the reaction between simple small molecules and GPTMS by NMR and mass 
spectroscopy as a model for the synthesis of organic-inorganic hybrids 
29
. The simple amine, propylamine, 
catalysed silica condensation at all pH values so that solid GPTMS products formed before the reaction 
with the epoxide ring could occur. The carboxylic acid, propanoic acid, reacted with the epoxide ring to 
form an ester group, which was detected within 3 h by mass spectroscopy and within 48 h by NMR 
29
. If 
the amine catalysed-condensation of the silanol groups of GPTMS in acidic solutions can be delayed long 
enough to allow all components to remain soluble, then it is possible that the amine group may react with 
the epoxide ring. 
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Changes in the morphology have been used as evidence for interaction between chitosan and GPTMS. In a 
chitosan-silica hybrid with TEOS as the silica precursor, Varghese et al. observed that the introduction of 
GPTMS prevented macrophase separation of the components but did not characterise interaction 
82
. 
In summary, while there are studies that investigate both type I and type II chitosan-silica hybrids there is 
not yet a full understanding on the effect of the individual components on the properties of the hybrids or 
on the interaction between the different components. Chapter 3 of this thesis deals exclusively with 
establishing the reaction that occurs between GPTMS and chitosan and attempt to quantify the extent of 
reaction under different pH conditions. 
2.7 Synthetic polymers and their hybrids 
Traditionally, naturally derived polymers have been used in tissue engineering scaffolds. While these 
might provide biocompatibility, biodegradation, and many are FDA approved for use as biomaterials in the 
human body they still have inherent problems. Gelatin is derived from animal sources, typically porcine or 
bovine, γ-PGA from bacteria, and chitosan extracted from crustacean shells. Between species, breeds, and 
even individuals, there may be differences in the chemical composition or molecular weight of the 
biopolymer. Variation between batches may result in the need for optimisation of processes for each new 
batch which is costly and time consuming. Polymers sourced from other species may also cause problems 
due to rejection by the body if it is identified as a foreign material. Stringent rules apply to sterilisation and 
decellularisation to ensure no disease transmission between different tissues leading to a reduction in the 
materials’ properties. There are also animal rights, ethical and religious concerns that make the use of 
animal derived polymers unpopular with some members of the general public. 
These factors together mean that development of a synthetic polymer may be preferable to using animal 
derived equivalents. Development of synthetic polymers allows strict control of the mechanical, chemical, 
and degradation properties of the final hybrid. In fact, the properties that the polymer bring to the hybrid 
can be designed by systematically altering factors such as the choice of monomers used, degree of 
crosslinking, inclusion of degradable bonding, and degree of bonding to the silicate network. 
2.7.1 Polyesters and poly(α-hydroxyacids) 
Polyesters including poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and poly(ε-caprolactone) (PCL) have all 
been FDA approved and are some of the most commonly used polymers in medicine where they find uses 
as resorbable sutures and screws 
105
. Polyesters are synthetic, typically formed from ring opening 
polymerisations in the presence of a platinum catalyst. This makes them preferable over natural polymers 
as not only can their source be traced more precisely, but there is less ambiguity in chemical structure and 
lower risk of immune response. The polymers degrade by acid catalysed hydrolytic chain scission. In the 
case of PLA and PGA the hydrolysis products are lactic acid and glycolic acid which are common respiration 
products in the body and can be fed into the metabolic pathway and excreted as carbon dioxide 
105
. 
However, since the degradation products are acids the reaction is autocatalytic. The degradation rate can 
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be very fast, particularly in large samples where the diffusion distances are great and hydrolysis products 
build up, leading to unpredictable degradation behaviour, deterioration of the mechanical properties and 
catastrophic failure of the implant 
106
.  
Bioactive type I hybrids of PCL have been fabricated by Allo et al. using the sol-gel process with TEOS as 
the silica precursor and triethyl phosphate and calcium chloride as the phosphate and calcium sources 
107
. 
Due to the hydrophobicity of PCL (as with the other polyesters) the solvent methylethyl ketone (MEK) was 
used to dissolve the polymer. Type II polyester hybrids have been demonstrated using  hydroxyl 
terminated PCL , the coupling molecule isocyanatopropyl triethoxysilane (ICPTES) in the presence of the 
catalyst 1,4-diazabicyclo[2,2,2]octane 
108
 and using PLA coupled to N-(hydroxyethyl)-3-aminopropyl 
trimethoxysilane (APTMS) 
109
. The weight loss of the PCL-ICPTES samples in Rhee et al. was shown to occur 
primarily by PCL degradation, leaving the silica component of the hybrid 
108
. Although, not reported upon, 
it is likely that the toughness of the hybrid reduced over time as the organic component was lost. For a 
material to be suitable for a bone regeneration scaffold, the degradation of both organic and inorganic 
components should be congruent to ensure mechanical stability over the lifetime of the scaffold. 
2.7.2 Methacrylates 
Another popular family of polymers used in hybrid synthesis are methacrylates. Poly(methyl methacrylate) 
(pMMA) has been used as a bone cement for fixation of implants, and poly(2-hydroxyethyl methacrylate) 
(pHEMA), which is biocompatible, hydrophilic, and can be readily polymerised, has found use in many 
biomedical applications including soft contact lenses 
110
, artificial corneas 
111





, drug delivery 
114
, neural regeneration 
115, 116
 and as tissue engineering scaffolds 
117, 118
.  pHEMA 
typically swells in water but is water soluble at low molecular weight 
119
 or when copolymerised with 
water soluble polymers such as poly(ethylene glycol methacrylate) (PEGMA). To enable HEMA-based 
materials to have high molecular weights, so that chain entanglements occur to provide high strengths 
and elastomer behaviour, and yet remain water soluble and pass easily through the glomerulus of the 
kidney, several researchers have incorporated enzyme degradable groups along, or crosslinks between, 
polymer chains 
118, 120, 121
. This creates high molecular weight polymers which can be cleaved to form low 
molecular weight oligomers that are removed from the body easily. Poly(methacrylates) can be readily 
synthesised using free radical polymerisation (FRP) and atom transfer radical polymerisation (ATRP). 
2.7.2.1 Free radical polymerisation 
FRP has been employed in many industrial applications because of the ease by which the polymerisation 
can be carried out. The process is applicable to a wide range of monomer systems, is able to withstand 
impurities, aqueous media and trace amounts of oxygen. 
However, the main downside of FRP is the low degree of control over the process. Due to chain transfer 
events and termination reactions, the polymers achieved tend to have a very wide and unpredictable 
molecular weight distributions (polydispersity or Mw/Mn) and unplanned branching. 
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Initiation of FRP occurs by the decomposition of peroxides, hydroperoxides, azo-compounds, redox 
initiators or UV-sensitive compounds to form free radical species. Peroxides, e.g. benzoyl peroxide (BPO), 
and azo-compounds, e.g. azoisobutitironitrile (ABIN), homolytically decompose thermally so that simply 
heating the reaction solutions to above 60 ºC will initiate polymerisation (Figure 2.11). 
 
 
FIGURE 2.11 – THERMAL DECOMPOSITION OF A) BPO TO BENZOYL RADIAL AND B) AIBN TO NITROGEN GAS AND 2-
CYANOPROP-2-YL RADICALS DURING INITIATION OF FRP 
 
Radical addition then occurs between the radical formed and the carbon-carbon double bond of a vinyl 
monomer (Figure 2.12). The new species retains the radical character. This new radical then reacts with 
another monomer, extending the polymer chain, and then another monomer and so on, until the source 
of monomer is exhausted or until termination of the propagating chain occurs. 
 
 
FIGURE 2.12 – INITIATION AND PROPAGATION OF HEMA DURING PHEMA SYNTHESIS BY FRP WHERE I
.
 REPRESENTS 
A THERMALLY GENERATED FREE RADICAL 
In FRP, it is highly unlikely that the monomer source will be the limiting factor in polymer chain growth as 
termination reactions are so common (Figure 2.13). The possible termination reactions include; 
 Combination - where two propagating radicals combine to eliminate the radical. The chains 
combine to form one long polymer chain, doubling the molecular weight. 
 Disproportionation – instead of the combining propagating chains forming one long chain, a 
hydrogen is abstracted from one chain to the other to give two chains. 
 Radicals may combine with impurities in the solution, most commonly oxygen. 
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FIGURE 2.13 – DISPROPORTIONATION AND COMBINATION REACTIONS LEADING TO TERMINATION DURING 
POLYMERISATION 
Other chain breaking reactions include chain transfer reactions. These are not termination reactions as the 
radical is retained, but the propagation of the chain is halted with the overall effect being a reduction in 
the average molecular weight of the final polymer. Chain transfer reactions include: 
 Transfer of the radical to solvent. 
 Transfer of the radical to a monomer unit, where due to resonance stabilisation, the radical 
cannot propagate further. 
 Transfer to a non-decomposed initiator species, stopping growth of the propagating chain but 
creating a new radical by cleaving of the initiator. 
 Transfer of the radical to the same/another polymer chain leading to branching. 
Together, the slow rate of initiation, when compared with the rapid rate of propagation, and extensive 
termination and chain transfer reactions lead to very broad molecular weight distributions that are 
difficult to predict and control. 
2.7.2.2 Type I hybrids of FRP polymerised HEMA and silica 
Figure 2.14 shows the monomer of HEMA. Many type I hybrids have been formed using simultaneous 
hydrolysis and condensation of silica precursors and FRP in situ to form semi-interpenetrating networks 
(SIPN) of the inorganic and organic components 
122-125
. Possibly the first report of pHEMA-silica hybrids 
was by Hajji et al. in 1999 
125
. Two different strategies were employed; the first by introducing HEMA-
functionalised silica particles into a HEMA monomer solution which was subsequently polymerised by BPO 
initiated FRP. In the second, acid catalysed hydrolysis and condensation of TEOS occurred concurrently 
with BPO initiated FRP of pHEMA. No solvent was employed as HEMA is a good solvent of TEOS and water 
due to the polymer’s hydroxyl groups. The polymers formed gels due to residual ethylene glycol 
dimethacrylate (EGDMA) from the monomer synthesis and chain transfer reactions during polymerisation. 
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angle spinning (MAS) NMR showed no appreciable formation of Si-O-C species. This indicates that there 
was no heterocondensation between the hydroxyl group of HEMA and the silanol groups and hence no 
covalent bonding between the organic and inorganic components. Where the two networks were formed 
simultaneously, small angle X-ray scattering (SAXS) showed that the morphology was bicontinuous at the 
molecular level. Above the glass transition temperature of the polymer of 87 ºC 126, this morphology 
coarsened due to increased molecular mobility. A similar study was carried out by Huang et al. to compare 
HEMA-silica hybrids where the silica was introduced to a monomer solution as colloidal silica or as TEOS 
precursors 
127
. They found that introducing the silica as TEOS precursors resulted in increasing hydrogen 
bonding between the two components leading to an increase in thermal stability of the hybrids. 
Confirming the observations of Hajji, no covalent bonding was observed between the two components. Li 
et al. 
123
 and Ji et al. 
124
 formed similar type I hybrids using HEMA, TEOS and the FRP initiator BPO. The 
reduced volume of solvent required for the process lead to a significant reduction in the degree of 
shrinkage exhibited by the samples. This in turn reduced the residual stresses that build up during the 
drying process allowing large crack free monoliths to be fabricated. There is evidence that unreacted 
monomer may remain in samples after reaction and drying 
124
 which could pose significant health 




FIGURE 2.14 – HEMA MONOMER 
SIPN HEMA-TEOS monoliths have exhibited compressive strengths of 515 MPa which is well above that 
required for bone scaffold materials 
124
. However, the modulus of 6.18 GPa was too high and may lead to 
stress shielding when implanted. Creating porous scaffolds will reduce the modulus although no porous 
scaffolds have been reported. 
Costa et al. incorporated pre-polymerised pHEMA into a hydrolysed TMOS sol to form HEMA-silica hybrids 
with varying HEMA to silica contents 
129
. They found that the porosity and surface area of the hybrids 
reduced with increasing polymer content. At 40 wt% HEMA, the mesoporosity, normally inherent in the 
sol-gel process, was no longer present as the polymer filled the interstices between silica particles. 
However, despite the massive reduction in surface area, low crystallinity HA was found to precipitate on 
the hybrid surfaces after 3 days in SBF. 
An alternative strategy was employed by Habsuda et al. who incorporated a partially formed silica 
network of polysilicic acid, formed by prehydrolysing and condensing sodium metasilicate with HCl, into a 
HEMA monomer solution which was subsequently polymerised with BPO and formed into sheets of 
varying thickness 
130, 131
. In order to gel the hybrids, the divinyl monomer ethylene glycol dimethacrylate 
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(EGDMA) had to be added to the reaction mixtures. The silica contents achieved were between 7 and 10 
wt% and although no chemical bonding between the organic and inorganic networks was identified, small 
angle X-ray scattering (SAXS) and TEM confirmed that fine domains were formed with diameters of 20-50 
nm 
130
. These domains increased as the molecular weight of the polysilicic acid increased, suggesting that 
the degree of mixing of the two components became restricted. This implies that it might be more 
appropriate to incorporate low molecular weight silica precursors, such as TEOS, rather than pre-formed 
polysilicic acid in order to achieve hybrids with nano-scale domains. 
2.7.2.3 Type II hybrids of FRP polymerised HEMA and silica 
Rather than grafting alkoxysilane groups along the polymer chain as described for natural polymers, 
copolymerisation of HEMA with an alkoxysilane containing monomer can produce type II HEMA 
copolymer hybrids. Having successfully fabricated optically transparent HEMA-polysilicic acid hybrid 
sheets with no covalent bonding between the components, Habsuda et al. incorporated the commercially 
available monomer, (3-trimethoxysilane)propyl methacrylate (TMSPMA),  into HEMA and HEMA-polysilicic 
acid materials so as to introduce covalent bonding between the two networks 
132
. The TMSPMA was 
added either as the monomer or having been pre-hydrolysed, and the HEMA was added either as the 
monomer or after a polymerisation reaction. The result was that hybrids with pre-hydrolysed TMSPMA 
were yellow, brittle and very cracked whereas those with monomer TMSPMA were colourless, smooth 
and solid. Vickers hardness testing showed that the hardness of HEMA-TMSPMA hybrids was lower than 
that of HEMA-polysilicic acid and HEMA-polysilicic acid-TMSPMA hybrids, although Habdusa et al. state 
that only one group of hybrids gave reliable Vickers hardness measurements 
132
. Erosion testing showed 
that the chemically cross-linked organic-inorganic networks of HEMA-polysilicic acid-TMSPMA were more 
resistant to abrasion than the type I HEMA-polysilicic acid hybrids. Resistance to erosion seemed to be 
dominated by the hybrid morphology rather than the silica content, highlighting the importance of 
achieving a highly interpenetrating, covalently bonded hybrid material. 
Ohstuki et al. 
133
 found that increasing the TMSPMA content beyond 0.1:0.9 (molar ratio of 
TMSPMA:HEMA) made the samples brittle and cracked. Since this was the only silica precursor introduced 
there was no way to separate the effect of coupling between the networks and the silica content. Low 
crystallinity hydroxyapatite was detected on the hybrid surfaces by X-ray diffraction (XRD) after 1 day in 
SBF. The bioactivity of these materials was increased by adding CaCl2. However, since low temperature 
synthesis routes are required to avoid thermal degradation of the polymer, the calcium was not 
incorporated into the inorganic network 
55
. On submersion, the CaCl2 was washed out rapidly due to the 
weak interactions between calcium and the silica network. Wei et al. carried out a series of studies using 
HEMA, TMPSMA and TEOS as a silica precursor to produce type II HEMA-silica hybrids with calculated 
silica contents between 0 and 65 mol% 
134, 135
. Using BPO as a free radical initiator and TEOS pre-
hydrolysed with HCl, concurrent polymerisation of the organic and inorganic networks occurred to give 
SIPN. After drying, the materials showed no crack formation when undergoing thermal treatment up to 
160 ºC. Dynamic mechanical analysis showed that as the silica content of the hybrids increased, the glass 
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transition temperature increased. Wei et al. attributed this observation to the increase in crosslinking 
between the polymer and silica via TMSPMA and through cross-condensation of the monomer hydroxyl 
and silanol groups 
135
. No further mechanical testing was reported. 
Costantini et al. used AIBN as an initiator for simultaneous free radical polymerisation of HEMA and 
condensation of hydrolysed TEOS and found that white opaque samples were obtained 
136
. This was due 
to significant phase separation confirmed by scanning electron microscopy (SEM) as inorganic phase 
aggregation of particles of 400 nm diameter. By incorporating hybrid monomers formed by a Michael 
addition reaction between HEMA and 3-aminopropyltriethoxysilane (APTES), as shown in Figure 2.15, into 
their original system 
137, 138
 they achieved transparent samples which under transmission electron 
microscopy (TEM) showed much finer domains of 50 nm with indistinct boundaries indicating a more 
intimate interaction between the two components. Although no mechanical properties were presented, 
Costantini claimed that when there is minimal phase separation, the materials have good mechanical 
properties. 
 




There was no control over the polymerisation reaction in these examples and as residual monomers must 
be removed, in some cases by washing for up to three weeks 
137, 138
, the organic content was difficult to 
control precisely as it is lost in solution. The molecular weight of the polymers has a significant effect on 
the mechanical properties of the samples and by the nature of FRP, the molecular weight distribution is 
very broad. There will also be branched polymers formed from chain transfer reactions. On top of this, 
these hybrids are not degradable. Polymers with a molecular weight greater than 16 kDa cannot be 
excreted by the kidneys so non-degradable polymers should be smaller than this value to prevent causing 
damage to the body 
4, 74
. When FRP is used, it is difficult to control the molecular weight and branching of 
the polymers and these must be overcome to prevent potentially adverse effects on the body. 
2.7.3 Controlled radical polymerisation 
Living or controlled polymerisations allow for a predetermined molecular weight to be achieved with a 
narrow polydispersity. There are a number of definitions of controlled polymerisations, but the important 
characteristics are that the value of Mw/Mn is less than 1.5 and that the polymer chains will continue to 
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grow when a source of monomer is provided. This means that there has been minimal termination 
occurring during polymerisation so that all chains are of similar molecular weight and still “active”. Until 
the mid-1990s a controlled free radical polymerisation was not thought to be possible 
139
. Instead, 
conventional living polymerisations via anionic and group transfer were used to fabricate synthetic 
polymers with well-defined architectures and narrow molecular weight distributions. These reactions 
require high vacuum atmospheres, often very low temperatures and totally dry conditions to eliminate 
transfer and termination processes. Due to the labile proton on the hydroxyl group of HEMA, which 
contributes to termination and interaction with catalysts or initiators, pHEMA cannot be prepared by 




The development of controlled radical polymerisation (CRP) combines a high level of structural control, 
typical of living polymerisations, with the tolerance and ease of free radical reactions. CRP relies on fast 
instantaneous initiation of polymer chains, leading to simultaneous growth, and on the elimination of 
termination reactions. This is achieved by introducing a “trapping agent” that reversibly caps the 
propagating polymer chain to leave it dormant. An equilibrium is established between dormant “capped 
chains” and active propagating chains, tipped strongly to the side of dormant chains. The probability of 
termination is reduced due to the low number of propagating chains, and therefore radicals, active at any 
one time. The exchange of the capping agent between chains occurs fast enough that only a few 
monomer units can be added onto the active chain before it becomes dormant again. The growth of all 
propagating chains appears to occur at the same rate leading to a narrow polydispersity and a molecular 
weight that can be predetermined simply by adjusting the ratio of initiator species to monomer units. 
The low number of termination processes means that the chain ends remain active even after the 
monomer links have been consumed. Adding more of the monomer groups or an alternative chemical can 
lead to chain extension or the synthesis of block copolymers with well-defined architectures 
141
. 
2.7.3.1 Atom transfer radical polymerisation (ATRP) 
ATRP is a specific example of a CRP mechanism (Figure 2.16) where the catalyst is a transition metal 
species, typically copper, in a low oxidation state that can be increased by expanding its coordination 
number. The system also includes a complexing ligand and counter ion to form a transition metal complex 
(Mt
n
/L, where Mt is the metal, n the oxidation state, and L a complexing ligand). This complex is capable of 
homolytically cleaving an alkyl halogen bond, R-X, within the activator molecule. The halogen atom 





. The radical can then go on to react with the alkyl monomer units in solution until termination 
occurs as in standard FRP or if the propagating radical becomes reversibly deactivated by the halide atom 
in the transition metal complex. The idea behind ATRP is to reduce termination reactions until they are 
negligible by shifting the equilibrium of the system towards the dormant species. ATRP allows a wide 
range of different initiators and monomers to be used, many of which are readily available commercially, 
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as well as enabling block and statistical copolymers to be synthesised, and allows for end functionalisation 




FIGURE 2.16 - MECHANISM OF CONTROLLED RADICAL POLYMERISATION REDRAWN FROM BRAUNECKER AND 
MATYJASZEWSKI 
141
. PN* IS THE PROPAGATING POLYMER CHAIN, X IS THE TRANSFERABLE HALOGEN ATOM, PN-X IS 
THE DORMANT POLYMER CHAIN, AND +M REPRESENTS THE ADDING MONOMER UNITS 
2.7.4 Synthesis of pHEMA by ATRP 
Although the controlled polymerisation of HEMA has been used in a number of different polymer and co-
polymer systems, there have only been a few detailed studies of its synthesis by ATRP. The first of these 
was by Matyjaszewski and co-workers in 1999 who successfully produced pHEMA with a Mn of 26000 and 
an Mw/Mn of less than 1.30 by carrying out the synthesis in a mixed MEK/n-propanol solvent system at 70 
ºC 142. They repeated the synthesis in dimethylformamide (DMF) but found that although the polymers 
went to very high conversions in a short time, the Mw/Mn was very high, indicating loss of control 
142
. To 
avoid the use of organic solvents, Robinson et al. attempted to polymerise HEMA in water but found that 
very quickly a precipitate formed that could not be redissolved in good solvents for pHEMA 
143
. They 
attributed this to transesterification reactions causing the formation of a branched polymer and insoluble 
gel. So, instead they carried out ATRP of HEMA in 50/50 v/v % water/methanol and pure methanol 
solvents at room temperature. Water was found to speed up the reaction at the expense of control, 
however, in pure methanol polymers with Mn around 10600 Da and Mw/Mn of 1.2-1.3 were achieved with 
up to 95 % conversion achieved within 4 h 
143
. Methanolic ATRP has since been used to synthesise a 
number of well controlled HEMA-based polymer architectures including linear homopolymers 








 multi-arm star copolymers 
148
, protein-polymer conjugates 
149
, 





Loss of control appears to occur as the polymers reach high conversions or if high molecular weights are 
targeted. Beers et al. proposed that high molecular weight polymers was only achievable by protecting the 
hydroxyl group 
142
. By polymerising protected HEMA in bulk at 90 ºC, they synthesised polymers with 
molecular weights of up to 100 kDa while retaining an Mw/Mn of less than 1.5. Recently, a variation of 
ATRP has been shown to produce pHEMA with Mn values ranging from 100 to 1 000 000 Da with Mw/Mn 
less than 1.5 
140
. This method is known as Cu(0) – mediated single electron living radical polymerisation 
(SET-LRP) and relies on the disproportionation of CuX to the highly active Cu(0) and Cu(II)X2 in a suitable 
solvent and ligand system. 
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However, in all of these systems, there are high concentrations of copper that must be removed from the 
material to prevent toxicity once implanted in the tissue. Although there are some reports of positive 
tissue responses to copper present in implants, including promoted bone regeneration and angiogenesis 
in calcium phosphate cements and bioactive glass scaffolds 
151-153
, there are other reports of copper 
limiting tissue growth 
8
. To err on the side of caution, the copper concentration should be reduced as far 
as possible, if only to limit the cost of expensive catalysts. Typically, copper is removed by repeatedly 
passing the polymers through a silica or alumina column and precipitation in hexane 
154
. 
Another problem caused by the presence of copper in reaction solutions is that of transesterification. In 
2002, Bories-Azeau and Armes reported transesterification of tertiary amine methacrylates with the 
methanol solvent to produce MMA, catalysed by the basicity of the amine 
155
. They demonstrated that the 
use of higher alcohols, such as ethanol and isopropanol, reduced the rate of transesterification due to 
steric hindrance. Transesterification has also been observed for the methanolic ATRP of the non-basic 
monomer methyl chloride quaternized 2-(dimethylamino)ethyl methacrylate (Me-DMA) 
156
. Longenecker 
et al. briefly commented that transesterification of HEMA occurs during methanolic ATRP and 
demonstrated that this reaction could be minimized by using more sterically hindered alcohols but 
presented no quantitative data of this process 
157
. There are no other reports on transesterification in non-
amine containing methacrylates, although there appears to be a preference of some groups towards using 
isopropanol as ATRP solvent – presumably as a precautionary measure 
158
. 
Activators regenerated by electron transfer (ARGET) ATRP is another variation of ATRP that can be used to 
dramatically reduce the concentration of copper catalyst required during synthesis. The high levels of 
copper are necessary to account for unavoidable catalyst deactivation that occurs over time. If the level of 
active catalyst falls too low, then the polymerisation will become terminated. In ARGET ATRP a reducing 
agent is added to the reaction mixture to continuously regenerate deactivated Cu(II) back to the active 
form, Cu(I). This allows the catalyst concentrations to be reduced to less than 100 ppm and also allows the 
reaction to be carried out in the presence of limited oxygen. Paterson et al. recently reported the ARGET 
ATRP of pHEMA in methanol at room temperature 
74
. They used two different reducing agents, ascorbic 
acid and hydrazine, and found that both reducing agents produced highly controlled polymers with Mw/Mn 
of 1.3-1.5. However, they did observe a loss of control when excess ascorbic acid was used. They 
attributed this to its strength as a reducing agent and proposed that it interfered with the ATRP 
equilibrium. The use of ascorbic acid is preferred over hydrazine in a biomedical application as hydrazine is 
highly toxic and can cause death, even at ppm concentrations 
159
. 
2.7.5 Synthesis of pTMSPMA by ATRP 
There have been limited reports of controlled polymerisations of TMSPMA. The first was Ozaki et al. in 
1992 who studied the anionic polymerisation of TMSPMA in tetrahydrofuran (THF) at -78 ºC and achieved 
Mw/Mn values of 1.28-1.31 but found that the polymers hydrolysed and condensed even just due to the 
water in the atmosphere 
160
. Du et al. investigated the synthesis of pTMSPMA by ATRP in anisole at 70 ºC 
using an ethyl 2-bromoisobutyrate (EBiB) and a polyethylene oxide based macroinitiator 
161
. Mw/Mn values 
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were less than 1.2 up to 69 min reaction but then a bimodal molecular weight distribution was observed, 
presumably due to termination reactions. The authors gave caution to keep the percentage conversion 
low as there was significant loss of control due to termination reactions at high conversions. The same 
group went on to incorporate these polymers and similar copolymers synthesised by ATRP into further 
studies and created hairy nanospheres 
162
, hollow and pH responsive vesicles for drug delivery 
163-165
 and, 
by using TEOS as an additional silica source, highly ordered mesoporous hybrid materials 
161
. Only one 
further study was found where pTMSPMA was synthesised by ATRP. In this study the reaction was carried 
out in toluene at 70 ºC with EBiB as the initiator 166. pTMSPMA was synthesised with an Mw/Mn of 1.2 and 
a statistical copolymer of p(TMSPMA-stat-MMA) was synthesised with a Mw/Mn of less than 1.2. No 
compositional gradient was observed as a plot of conversion of total monomer vs. conversion of TMSPMA 
had a gradient of unity. This means that the reactivity ratios of the two monomers are equal and the 
copolymer has a truly random structure. The authors did comment that use of non-distilled solvents led to 
macroscopic gelation during synthesis, again highlighting the reactivity of TMSPMA towards residual 
water. 
2.7.5.1 Type II HEMA-based hybrids using controlled polymerisation techniques 
Until now, no HEMA-TMSPMA copolymers have been reported using controlled polymerisation 
techniques. Certainly no HEMA-TMSPMA copolymers synthesised by controlled polymerisation techniques 
have been incorporated into sol-gel hybrids. The synthesis of the polymers is described in Chapter 5 and 
the polymer incorporation into silica sols to produce HEMA-silica hybrid monoliths is detailed in Chapter 6. 
The ratio of HEMA to crosslinking TMSPMA and organic content will be investigates to establish the 
optimum composition for the final material. Chapter 7 will study similar monolith hybrids where the 
polymers have been synthesised by conventional FRP to offer a control against which the advantages and 
disadvantages of incorporating ATRP polymers can be measured. 
2.7.6 Summary of hybrid synthesis strategies for biomaterials 
Natural polymers such as gelatin, chitosan and y-PGA have been used to produce degradable hybrid tissue 
scaffolds. They show promising properties with regards to their biomimetic and degradability capabilities. 
However, batch to batch variability and the risk of immune responses and disease transmission means 
that synthetic polymers would be more preferable for use as they can be traced throughout their whole 
fabrication route. 
Polyesters have been incorporated into silica hybrids and can be degraded by hydrolysis. This leads to 
problems particularly in large bulk samples due to autocatalysis and incongruent degradation of the 
hybrid. 
Poly(methacrylates) are not degradable which, for high molecular weight polymers, will cause problems in 
vivo. Hybrids formed using simultaneous FRP and hydrolysis and condensation show high strengths, likely 
to be due to the semi-interpenetrating networks. However, there is little control over the structure and 
architecture of the polymers being fabricated, leaving it difficult to predict the effect of difference 
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parameters on the properties of the hybrid. Significant worries surround the effect of residual monomers 
left in the hybrid after fabrication. 
Work must be done to synthesise polymers that can be easily incorporated into the sol-gel process with 
controlled molecular weight, coupling and architectures. The benefit of synthetic polymers is that they can 
be carefully controlled to eliminate batch to batch variation and specifically designed to achieve desired 
properties and functionality. It is important to utilise this feature to our advantage. 
2.8 Introducing porosity 
So far no mention has been made of fabricating porous materials for scaffold fabrication. As mentioned in 
section 2.0, one of the criteria for a material suitable for bone regeneration is that it has an 
interconnected porous structure with interconnects of 100 µm large enough for vascularisation and cell 
propagation through the scaffold 
35
. Conventional methods of creating porous samples include combining 
solvent or melt casting with particle leaching 
167
 or gas evolution 
168
 by inclusion of a suitable precursor 
such as Na(HCO3). This thesis will focus on freeze drying and foaming techniques to produce porous 
scaffolds due to the ease of fabrication and the ability to form highly interconnected elongated and 
spherical pores respectively.  
One of the most commonly used methods of fabricating porous scaffolds is freeze drying, also termed 
thermally induced solid-liquid phase separation 
169
 and freeze casting 
170
 with increasing degree of control 
of structure respectively. In this technique, the solvated sample is frozen so that the crystallising solvent, 
which may be water or an organic solvent for hydrophobic polymers, expels the dissolved or suspended 
sample and forms a two phase structure of solvent rich and sample rich regions 
169
. By reducing the 
pressure of the system, the frozen solvent sublimes and is removed leaving pores in the same shape as 
that of the original crystals. 
Due to its particularly good film forming capabilities, freeze drying of pure chitosan has been used to 
create tuneable scaffolds with pore sizes of 1-250 µm 
24, 171, 172
. The tensile strength of pure chitosan 
porous scaffolds was around 5 kPa, well below that required for bone regeneration scaffolds. Creation of 
composites or hybrids should increase the strength of the scaffolds as discussed previously. Shirosaki et al. 
formed freeze dried scaffolds of chitosan-silica hybrids using GPTMS as both coupling agent and silica 
source 
26
. These studies showed that reducing the freezing temperature reduced the pore size of the final 
scaffold. Lowering the freezing temperature increases the extent of undercooling of the solution. This 
increases the drive for nucleation and hence, many crystal nuclei are formed. However, these nuclei grow 
slowly due to the low rate of diffusion at lower temperatures so that the result is many small crystals that 
form many small pores. At a freezing temperature of -20 °C the approximate pore diameter was 110 µm 
but reducing this to -85 °C reduced the pore diameter to 50 µm as visible in Figure 2.17. Ren et al. found 





From SEM observation, temperatures of -17 °C gave pore diameters of 300-500 µm, -80 °C gave 30-50 µm, 
and freezing in liquid nitrogen (-196 °C) resulted in the smallest pores of 5-10 µm. This highlights the 
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tailorability of the pore sizes of these systems using this technique. Pore sizes appropriate for the 
application can be easy designed into the material. Ren achieved a bimodal pore size distribution by 
incorporating a second soaking and freezing step at two different temperatures. This hierarchical structure 
is thought to be beneficial as it replicated that of natural bone and provides potential for loading with 
drugs or growth factors.  
 
FIGURE 2.17 - CHITOSAN-SILICA HYBRID SCAFFOLDS CREATED BY FREEZE DRYING AT -20 °C AND -85 °C. ADAPTED 
FROM SHIROSAKI ET AL. 
26
 
The degree of order within the porous structure can be increased by using freeze casting, where uniaxial 
temperature gradient results in highly aligned lamellar pores, and thermally induced solid-liquid phase 
separation, typically with non-aqueous solvents 
169, 170
. Deville et al. has extensively investigated the 
underlying mechanism when freeze casting ceramic slurries and has fabricated well controlled lamellar 
structures where the pores run the full length of the sample and appear to exhibit improved mechanical 




 created porous PLGA-Bioglass® 
composites using freeze drying with dimethyl carbonate as the solvent. The result was highly anisotropic 
tubular pores with diameters of 10-100 µm oriented in the direction of the temperature gradient. 
Despite the extensive research into the effect of processing parameters on pore size, there is little data 
presented on the mechanical properties of the freeze dried scaffolds and none for the freeze dried 
hybrids. The effect of the anisotropic and “needle-like” pores on the strength and brittleness of the 
scaffolds requires further investigation. Freeze drying is also time consuming as it can take up to four days 
to fully remove the solvent under vacuum 
69, 172
. When organic solvents are used, it is important to ensure 
that no residual solvent is left in the samples. 
The final method of fabricating porous scaffolds described here is foaming by agitation. Jones et al. 
formed porous scaffolds of 70S30C bioactive glasses (70 mol% silica, 30 mol% calcium) by incorporating a 
surfactant and a gelling agent and vigorously agitating the sol until just prior to the gelling point before 
pouring into moulds 
66
. The scaffolds exhibited a hierarchical structure with interconnected macropores of 
10-500 µm diameter and mesopores, inherent in the sol-gel process, of 2-50 nm diameter 
66
. For a scaffold 
with modal pre size of 98 µm, a compressive strength of 2.26 MPa was achieved 
5
 which is within the 
range of cancellous bone. However, the scaffolds were far too brittle to be used in load bearing 
applications with catastrophic failure occurring at less than 2.5 % strain. Mahony et al. 
17
 used a similar 
 Natural and synthetic polymer-based hybrid materials for tissue regeneration 
Page 57 Imperial College London  Louise S Connell 
technique to fabricate porous foamed scaffolds of gelatin-silica, shown in Figure 2.18, but incorporated a 
subsequent freeze drying step to remove water rather than oven drying to avoid significant shrinkage 
which causes internal stresses to build up, often resulting in cracking. Changing the silica content and 
degree of coupling was shown to affect the mechanical properties. For 40 wt% gelatin scaffolds with a 
coupling ratio of 1000 and a modal pore diameter of 200 µm, strengths of up to 60 kPa were achieved. 
Increasing the gelatin content to 60 wt% gelatin and reducing the coupling ratio to 500 resulted in highly 
elastic hybrids and strain to yields of 34 % were observed. Importantly, instead of exhibiting catastrophic 
brittle failure, the samples failed plastically with as little as 40 wt% gelatin. However, the compressive 
strengths of the scaffolds were not high enough to be within the range required for cancellous bone 
12
. 
Mahony et al. showed that the foamed structures followed the theory of cellular solids 
175
. This is a useful 
result as it shows that the mechanical behaviour of the foamed scaffolds can be predicted based on their 
porosities. Since porosities could be controlled to some extent by surfactant concentration, appropriate 
strengths and moduli could be targeted for specific applications.  
 
FIGURE 2.18 - SEM IMAGE SHOWING INTERCONNECTED POROUS STRUCTURE OF GELATIN-SILICA HYBRID SCAFFOLDS 
FORMED USING FOAMING AND FREEZE DRYING PROCESS. ADAPTED FROM MAHONY ET AL. 
17
 
In this thesis, the foaming method will be applied to chitosan-silica sol-gel derived hybrids for the first 
time. It has been hypothesised that an isotropic morphology and spherical pores formed by foaming 
would produce less brittle scaffolds than the angular and extended pores formed by freeze drying as 
without acute angles, the pores will have a reduced stress concentration effect. However, as there is little 
mechanical data presented for this system in any porous form, further investigation into freeze dried 
scaffolds is required for comparison. Chapter 4 deals with the optimisation and characterisation of hybrids 
formed by both methods and the comparison of the morphological, mechanical and dissolution properties 
of the scaffolds. 
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2.9 Aims and objectives of this report 
The overall aim for this project is to fabricate tough, porous hybrid scaffolds for bone regeneration by 
incorporating polysaccharides and synthetic polymers into the sol-gel process. 
In this thesis, monolithic and scaffold chitosan-silica hybrids will be formed with GPTMS providing covalent 
coupling between the organic and inorganic components to ensure an intimate interaction between the 
two, promoting good mechanical properties such as toughness and strength as well as congruent 
dissolution. Scaffolds will be fabricated using both freeze drying and foaming approaches and their 
properties investigated to determine the most appropriate method of fabricating tough, degradable 
scaffolds suitable for bone regeneration. 
Focus will then shift towards the synthesis of poly(2-hydroxyethyl methacrylate-co-3-
(trimethoxysilyl)propylmethacrylate) (pHEMA-TMSPMA) based hybrid materials using conventional FRP 
and ATRP polymerisation techniques. The optimum monomer ratio and organic content will be 
established by studying a variety of different composition materials and studying their physical, 
mechanical, and degradation properties. 
Within this work, the following objectives will be met: 
1. Characterise the reaction between chitosan and GPTMS and establish the effect of pH on the 
reaction 
2. Fabricate and characterise the physical, chemical, mechanical and degradation properties of 
chitosan-silica hybrids as porous scaffolds using a freeze drying method and using different 
freezing temperatures to alter the pore structure 
3. Fabricate and optimise porous chitosan-silica hybrid scaffolds using the foaming method and 
investigate their physical, chemical, mechanical and degradation properties 
4. Synthesise pHEMA-TMSPMA polymers by FRP and ATRP methods 
5. Incorporate these polymers into sol-gel hybrids and characterise the materials chemical, physical, 
mechanical and degradation properties 
As preliminary data for future work, the ability to form degradable linkages along the polymer chains will 
be explored in order to synthesise a fully biodegradable pHEMA-silica hybrid. 
It is hoped that this material might have properties appropriate for use as a bone regeneration scaffold 
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Chapter 3 – 
Characterisation 




Image: Chitosan-silica hybrid foam scaffold 
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Parts of this chapter have been published in Journal of Materials Chemistry B and are reproduced with the 
permission of the Royal Society of Chemistry 
101
. The published article is available at: http://dx.doi.org/ 
10.1039/C2PY20280H 
3.1 – Introduction 
One of the most investigated hybrid materials for tissue regeneration is that of chitosan-silica 
21, 26, 27, 93-95, 
99, 100
. Various groups have synthesised these materials by functionalising chitosan with GPTMS to 
incorporate alkoxysilane groups along the polymer chain that can become incorporated into the inorganic 
network 
82, 176
. Despite extensive use of this reaction, the exact interaction between components is not 
fully understood. A number of different interactions have been theorised as illustrated and described in 
Section 2.6.3.1. 
In this chapter a combination of solution and solid state NMR, and Fourier transform infra-red 
spectroscopy (FTIR) will be used to characterise the reaction of chitosan with GPTMS, including possible 
side reactions, and investigate the effect of pH conditions on the rate of reaction to determine optimum 
conditions for synthesis of chitosan-silica hybrids. 
3.2 – Methods  
3.2.1 Materials 
Unless stated, all chemicals were purchased from Sigma Aldrich, UK and used as received. 
3.2.2 – Synthesis of samples for chemical characterisation of 
functionalisation reaction  
To investigate the functionalisation reaction by FTIR and solid state NMR, solid samples of functionalised 
chitosan were synthesised by following the first step of a traditional hybrid synthesis route 
17
 under two 
different pH conditions and then quenching the reacting solutions in liquid nitrogen at different time 
points. Water was removed from the samples by freeze drying. 
In more detail; chitosan (0.5 g, Mw: 50 kDa-150 kDa, degree of deacetylation in excess of 75 %) was 
suspended in deionised water to give a concentration of 17 mg.ml
-1
. 2M HCl was added dropwise to 
solubilise the chitosan and to adjust the pH of the solutions to either pH 2 or pH 4.  GPTMS (0.183 g, 0.8 
mmol) was added dropwise to the solutions to give a chitosan monomer: GPTMS ratio of 4:1. Aliquots of 2 
mL were taken at time points of 5 min, 4 h and 24 h, put into 7 mL polystyrene moulds and immediately 
quenched in liquid nitrogen for 10 min to halt the reaction. The frozen samples were transferred to a 
CoolSafe 100-4 freeze drier fitted to a Vacuubrand RZ6 vacuum pump operating at -110 °C and an ultimate 
total vacuum of 1x10
-2
 mbar for 2 days until dry. 
For solution NMR experiments, 75 mg chitosan was dissolved in 5 mL D2O and 2M DCl (40 % DCl in D2O 
diluted further in D2O. All with a deuteration degree of 99.99 %) was added dropwise to adjust the pH to 
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pH 6, pH 4 and pH 2. GPTMS (0.027 g, 0.12 mmol, chitosan:GPTMS ratio of 4:1) was added dropwise. 0.7 
mL aliquots of solution were taken at 5 min, 4 h, 24 h and 72 h and placed into NMR tubes. 
3.3.3 – Synthesis of chitosan-silica hybrid monoliths 
Chitosan-silica hybrid monoliths were required for solid state NMR characterisation to determine the 
effect of pH on the silica network connectivity. For this, monoliths were synthesised by adapting a 
procedure described previously 
17
. Chitosan solutions were prepared by dissolving 1.5 g of chitosan in 87 
mL deionised water with the pH adjusted to either pH 2 or pH 4 by adding 2M HCl dropwise. GPTMS (0.55 
g, 2.3 mmol) was added dropwise to the solution to give a 4:1 molar ratio of chitosan monomer 
units:GPTMS. The reaction mixture was stirred at room temperature for 24 h. TEOS (3.02 mL, 0.014 mol) 
was placed in a beaker with deionised water at pH 2 to give an R ratio of 4 (molar ratio of water:TEOS). 
The resultant two-phase solution was vigorously stirred for 1 h to induce hydrolysis. Hydrolysed TEOS was 
added to the functionalised chitosan and stirred for 1 h to form hybrid sols with a composition of 65 wt% 
organic. The sol was cast into Nalgene polymethylpentene (PMP) containers, sealed and allowed to gel. 
The gels were then aged at 40 ºC for 3 days before the lids were loosened and the samples were dried at 
40 ºC over the course of two weeks.  
3.3.4 – Characterisation techniques 
3.3.4.1 – Solution state NMR 
NMR is a technique that allows the determination of different environments of certain nuclei and hence is 
a useful tool to determine the chemical structure of molecules. The samples are placed into a magnetic 
field which causes the magnetic moments of NMR active nuclei to align parallel (low energy – high 
population of nuclei) or antiparallel (high energy – low population of nuclei) around the axis of the 
external magnetic field. Pulses of radiofrequency radiation excite nuclei from the lower energy state into 
the higher energy state. The energy required to excite the nuclei is plotted in the spectrum as chemical 
shift. The exact chemical shift of the nuclei depends on the electron density shielding the nuclei from the 
external magnetic field. An environment that withdraws electron density (such as being bonded, or close 
in space, to an electronegative species such as oxygen or a double bond) will decrease the chemical shift 
while an electron donating group will increase the chemical shift. Further information can be gathered 
from the intensities of the peaks, which is directly related to the relative abundance of that species in the 
sample, or whether the peaks show splitting, providing information about neighbouring species. 
Various two-dimensional NMR techniques can be used to elucidate further information about the 
structure by plotting the signals over multiple dimensions. This is particularly useful when multiple species 
in the sample give overlapping signals. The technique used in this thesis is heteronuclear single quantum 
coherence spectroscopy (HSQC). HSQC shows correlations between nuclei of two different isotopes that 
are separated by one bond, for example, a hydrogen directly bonded to a carbon. To illustrate the spectra, 
a contour plot is used to show the signal intensities with the coordinates of the peaks providing carbon 
and proton chemical shifts for the coupled nuclei. 
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One dimensional (1-D) spectra were acquired at 295.8 K using a Bruker Avance III 400 HD spectrometer 
(400.32 MHz 
1
H frequency) equipped with a bbfo/5 mm probe running TopSpin 3.2 software. All 
1
H 
spectra were measured with 16384 complex points and a spectral width of 8006.4Hz (20 ppm centred at 6 
ppm). Experiments used a 30
o
 pulse angle and a 1s relaxation delay. The number of transients co-added 
was 16. An exponential multiplication apodization function of 0.3 Hz and 1 order of zero filling were 
applied prior to Fourier transformation. All 
13
C spectra were acquired with 32768 complex points and a 
spectral width of 26315.8 Hz (260 ppm centred at 90 ppm). Experiments used a 30
o
 pulse angle, a 
relaxation delay of 1 s and 
1
H decoupling throughout. The number of transients co-added was 480. An 
exponential multiplication apodization function of 2 Hz was applied prior to Fourier transform. 
Courtesy of Mr Peter Haycock, Department of Chemistry, Imperial College London, quantitative HSQC 
experiments based on a previously described method,
177
 were acquired at 298 K using a Bruker Avance II 
500 spectrometer (500.13 MHz 
1
H frequency) equipped with a bbo/5 mm probe and running TopSpin 2.1 
software. Spectra were collected with spectral widths of 3001.2 Hz (6 ppm centred at 3 ppm) and 




C-dimensions, respectively. The number of 
acquired complex points was 2048 for the 
1
H dimension. A recycle delay of 5.34 s (5 s relaxation delay and 
0.34 s acquisition time) was employed. Long and short delays of 5.92 ms and 2.94 ms were used for the 
suppression of J-dependence of polarization transfer as recommended. The number of transients co-
added was 64, and 100 time increments were recorded in the 
13
C-dimension.  A squared cosine bell 
apodization function was applied to both dimensions. Prior to Fourier transformation the 
1
H-dimension 
had 1 order of zero filling and the 
13
C-dimension was linearly predicted to 1024 points. 
3.3.4.2 – Solid state magic angle spinning (MAS) NMR 
As well as samples in solution, NMR can be carried out on solid samples. However, unlike in solution, the 
nuclei are not constantly tumbling which means that line widths become significantly broadened as 
various interactions are not averaged out. To overcome this, the sample can be spun rapidly at the magic 
angle of 54.74
o
 which has the effect of reducing the widths of the signals and hence increasing the 
resolution of the samples. 
A useful application of this technique is to determine the connectivity of silica networks in sol-gel hybrid 
samples using 
29
Si MAS NMR. Silica atoms which are connected to 4 bridging oxygens (Si-O-Si) will have a 
different chemical shift to those bonded to 3 bridging and one non-bridging oxygen (Si-OH), and similarly 









 respectively (as illustrated in Figure 3.1) 
178
. If one of the Si-O bonds is replaced with a Si-
C bond, as in the case of GPTMS, the silica species become T
n
 species which again have a distinctive 
chemical shift. This allows the quantitative determination of each of the silica species present in the 
sample, providing information about the silica network in the samples.  
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FIGURE 3.1 – ILLUSTRATION OF THE DIFFERENT SILICA SPECIES THAT MAY BE PRESENT WITHIN THE SILICA NETWORK 
AND THE NOMENCLATURE ATTRIBUTED TO EACH 
The degree of condensation (Dc) can be calculated using: 
     
               
 
   
           
 
         EQUATION 3.1 
This is a useful tool to compare the connectivity of the silica network between samples 
18
.  
Courtesy of Mr Frederik Romer, Department of Physics, University of Warwick, one pulse 
29
Si MAS NMR 
spectra were acquired at natural abundance on a 7.05 T Chemagnetics InfinityPlus spectrometer operating 
at 56.59 MHz. The samples were spun at 5 kHz using a Bruker 7 mm HX double channel probe. A π/4 pulse 
length of 6 µs and a recycle time of 240 s were used. The spectra were referenced to TMS using a 
secondary reference kaolinite with a resonance at 
29
Si δ: -92 ppm. The acquisition time was typically 24 









NMR spectra were acquired at natural abundance on a 11.75 T Bruker Avance-III 500 operating at 500.10 
MHz for 
1
H and 50.68 MHz for 
15
N. The samples were spun at 10 kHz using a Bruker 4 mm HXY triple 
channel probe operating in double channel mode. The 
1
H π/2 pulse length was 2.5 µs and the contact time 
was 500 µs while the recycle delay was 3 s. The spectra are referenced to MeNO2 in CDCl3 using histidine 
as a secondary reference with peaks at 
15
N δ: -333.1, -204.3 and -191.0 ppm. The acquisition time was 
typically 24 hours. 
Courtesy of Mr Frederik Romer, Department of Physics, University of Warwick, 
1
H spin echo MAS spectra 
were acquired on an 11.75 T Bruker Avance III spectrometer operating at 500.10 MHz. The samples were 
spun at 10 kHz using a Bruker 4 mm HXY probe operating in double resonance mode.  The spin echoes 
were acquired using an initial π/2 pulse of 2.5 µs and a refocusing π pulse of 5 µs with a τ delay of 100 µs 
and using a recycle time of 3 s and 2048 transients were co-added. Spectra were referenced to alanine 
which is a secondary reference to TMS with 
1
H resonances at 1.1, 3.5 and 8.5 ppm. 
 Natural and synthetic polymer-based hybrid materials for tissue regeneration 
Page 64 Imperial College London  Louise S Connell 
3.3.4.3 – Fourier transform infrared spectroscopy (FTIR)  
In FTIR a beam of light of various frequencies is fired at a sample and a detector measures the intensities 
that are reflected, absorbed, or transmitted, depending on the operating mode. Subsequent beams of 
light are fired at the sample, containing different frequencies of light. A Fourier transform is carried out on 
this data to determine the amount of light absorbed at each wavelength and hence produce a spectra. 
FTIR operates in the mid-infrared range of 400-4000 cm-1. When infrared energy is input into a material, 
covalent bonds with dipole moments are excited and vibrate in various different modes (stretch, bend, 
etc.). The amount of energy absorbed depends upon the mode and the specific bond involved and hence 
can provide information about the nature of bonds present within a material. 
FTIR was carried out to investigate the structure of the functionalised chitosan and hybrids using a Thermo 
Scientific Nicolet iS10 Spectrometer operating in attenuated reflectance (ATR) mode. All samples were 
prepared for analysis by grinding to a fine powder. Spectra were taken in the range 450-4000 cm-1 at a 
resolution of 2 cm-1 and averaged over 16 scans. 
3.4 – Results and discussion 
As a first step, the functionalisation of chitosan with GPTMS was investigated in solution as a function of 
time by NMR under the same conditions typically employed for functionalisation during hybrid synthesis. 
The NMR solvents D2O and DCl were used to prevent the spectra becoming dominated by the water 
signal. The pH was adjusted to 2, 4 or 6 using 2M DCl/D2O to investigate the effect of pH on the 
functionalisation reaction. 
 
FIGURE 3.2 – 1H NMR SPECTRA SHOWING THE REACTION BETWEEN CHITOSAN-GPTMS OVER TIME AT PH 4 
Figure 3.2 shows 1H NMR spectra illustrating the development of the reaction over time at pH 4. A 
methanol peak, resulting from the hydrolysis of the silane groups was observed (δ 1H 3.19 ppm) even at 
very short time-points, indicating that the hydrolysis of the silane groups was rapid. However at 5 min in 
solution at pH 4 and 6, there were multiple peaks around δ1H 0.53 ppm due to incomplete hydrolysis of 
the silane groups (Figure 3.2). At pH 2, the hydrolysis was so rapid that no evidence of partial hydrolysis 
was observed at 5 min. This is in agreement with Gabrielli et al. who observed a pH dependence of the 
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rate of silane hydrolysis in GPTMS 
30





H 2.61 ppm reduced in intensity over time as the epoxide ring opened during reaction. 
However, the rate of reaction was much slower than methoxysilane hydrolysis. Again, this is in agreement 
with the observations of Gabrielli et al. 
30
 
New peaks were observed in the δ
1
H 3.90-3.30 ppm region although there was considerable overlap in the 
1
H NMR spectra, making it hard to distinguish the peaks. Polymer chains can have a high number of 
conformations in space and this has the effect of making NMR signals very broad, reducing the resolution 
of the technique. Using a combination of 
13




C coupling through one bond) 
experiments allowed the different species to be identified. This was confirmed by repeating the HSQC 
experiment for GPTMS alone in D2O/DCl after 72 h at pH 2 where the epoxide ring was fully opened 
(Figure 3.4). From these spectra and with consultation with literature 
30, 179-184
 all the signals in the spectra 
were identified. A fully assigned HSQC spectra is shown in Figure 3.3. Peaks at (δ
1





H 3.48 ppm, δ
13
C 59.39 ppm) and (δ
1
H 3.41 ppm, δ
13
C 59.39 ppm) were attributed to the 
formation of a diol when epoxide rings are opened by water in solution 
30
. At longer time points, but at all 
pH values, other signals were observed at (δ
1
H 3.57 ppm, δ
13
C 50.96 ppm) and (δ
1
H 3.57 ppm, δ
13
C 50.96 
ppm) which were attributed to the reaction of epoxide ring with the primary amine (-NH2) of chitosan to 
form a secondary amine.  No other reactions were identified, suggesting that the only covalent coupling 
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FIGURE 3.3 – QUANTITATIVE HSQC NMR SPECTRA, COURTESY OF MR PETE HAYCOCK, DEPARTMENT OF 
CHEMISTRY, IMPERIAL COLLEGE LONDON, ALLOWING THE SEPARATION AND IDENTIFICATION OF THE 
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FIGURE 3.5 – 
15
N MAS NMR OF A) PURE CHITOSAN AND B) CHITOSAN REACTED WITH GPTMS AT PH 4 FOR 24 H. 
COURTESY OF FREDERIK ROMER, UNIVERSITY OF WARWICK 
Analysis of 
15
N MAS NMR of chitosan dissolved at pH 4, quenched in liquid nitrogen and freeze dried 
showed clearly that, in pure chitosan, there were two signals due to acetylated and deacetylated forms of 
the chitosan monomer (Figure 3.5a). After 24 h reaction with GPTMS at pH 4, the signal at δ
15
N -350 ppm 
split into two, indicating a third nitrogen species was present (Figure 3.5b). This is unequivocal evidence 
that there was a reaction between chitosan and GPTMS at the primary amine. It also shows that the 
nucleophilic addition between the amine and the epoxide ring is the only covalent bonding which occurs 
between the amine and GPTMS. However, it should be noted that this does not rule out the possibility 
that hydrogen bonding may occur between amine, amide or hydroxyl species or that all of the epoxide 
groups will react. 
In order to determine the optimum pH for the functionalisation step, quantification of the extent of 
reaction was necessary. A reaction time of 24 h was chosen as this seemed a reasonable timescale for 
significant reaction to occur. 
The use of quantitative HSQC experiments, where the volume under the signals were used to calculate the 
mol% of each species present, showed that the extent of epoxide opening after 24 h decreased as pH 
increased: 9, 68 and 98 mol% epoxide ring remained at pH 2, 4 and 6 respectively (Figure 3.6a). This 
supports the observations of Gabrielli et al. that the opening of the epoxide ring of GPTMS in water is acid 
catalysed and hence acidic conditions are required for the reaction with nucleophilic species 
30
. They also 
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postulated that too much formation of diol would prevent nucleophilic attack. In contrast with this 
prediction, altering the pH did not affect the relative numbers of diol and secondary amine species 
formed: the percentage of primary amines that formed secondary amines remained constant at around 20 
% (Figure 3.6b). 
This result has a knock on effect when we consider the optimum processing conditions for the synthesis of 
chitosan-silica hybrid materials. In order to ensure that the polymers are functionalised, acidic conditions 
are required to catalyse a reaction with the epoxide ring. However, while the pH of the solutions affects 
the kinetics of the reactions, the amount of epoxide reaction with the polymer relative to diol formation 
remains constant at all pH. Therefore, lower pH values will favour a faster reaction and hence might be 
favoured. However, we must consider that at low pH, the glycosidic bonds between monomer residues 
undergo acid catalysed hydrolysis, hence reducing the lengths of the chains and reducing the mechanical 
properties of the hybrids. It is proposed that to obtain maximum mechanical strengths, polymers should 
be in excess of 100 kDa to ensure entanglements occur between polymer chains. Therefore, a trade-off is 
required between low pH for fast reaction and high pH to prevent hydrolysis. Evidence of hydrolysis of 
chitosan chains can be observed in the 
1
H MAS NMR of the quenched and freeze dried chitosan-GPTMS 
solutions at pH 4 and 2. The broad peak observed after 5 min reaction, indicative of restricted molecular 
movement typical of high molecular weight polymers, became narrow after 4 hours reaction with an 
increased degree of narrowing at pH 2 than at pH 4. The narrowing of the signals is likely due to hydrolysis 
and shortening of the polymer chains which enables greater molecular mobility to cancel out interactions 
between the chains in the same way that tumbling of molecules in solution increases the resolution of the 
spectra. The fact that the spectra at pH 4 still show a degree of broadening indicates that the polymer 
chains must be less mobile and hence longer having undergone a lower degree of hydrolysis. The spectra 
at 24 h return to the broadened, less mobile state. There are two possible causes of the subsequent 
broadening between 4 and 24 h. This may be due to condensation of the silanol groups to afford a 
crosslinked network restricting the movement of the polymers or may be because the functionalisation 
reaction between chitosan and GPTMS was proceeding, introducing more crosslinks between the organic 
and inorganic networks limiting movement of the chains. To investigate these hypotheses, 
29
Si MAS NMR 
was carried out on freeze dried scaffolds and the relative number of each silicon species was quantified 
using peak fitting techniques.  
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FIGURE 3.6 –QUANTITATIVE HSQC NMR EXPERIMENTS WERE USED TO CALCULATE, A) MOL % OF UNOPENED 
EPOXIDE, SECONDARY AMINE PRODUCT AND DIOL SIDE-PRODUCT AND B) RELATIVE AMOUNTS OF SECONDARY AMINE 
PRODUCT AND DIOL PRODUCT OF THE REACTED EPOXIDE AT PH 2, 4, AND 6 
 
FIGURE 3.7 – 1H MAS NMR OF FUNCTIONALISED CHITOSAN SHOWING AN UNEXPECTED NARROWING AND 
BROADENING OF SIGNALS OVER TIME. CHITOSAN-GPTMS AT PH 4 FUNCTIONALISED FOR A) 5 MIN, B) 4 H C) 24 H 
AND AT PH 2 FOR D) 5 MIN E) 4 H AND F) 24 H. COURTESY OF FREDERIK ROMER, UNIVERSITY OF WARWICK 
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As expected, there were only T
n
 species present in the material, originating from the -C-Si-(OR)3 of GPTMS. 
However, it was observed that within 5 min, condensation had occurred between the GPTMS molecules 
so that at pH 2 64.8 % of the GPTMS was present in a T
3
 form (48.1 % at pH 4) and the degree of 
condensation was 88 and 78 % for pH 2 and 4 respectively. After 4 h, the degree of condensation 
remained at 78 % for pH 4 but reduced to 81 % for pH 2. This result is unexpected, as we would not expect 
the condensed silica network to re-hydrolyse and may contribute to the observed narrowing of the 
1
H 
signals at 4 hours. However, despite this, the network at pH 4 is much less condensed than the silica 
network formed at pH 2. At pH 4, there is a detectable amount of T
1
 species (10.2 % at 4 h) and 45.3 % of 
T
2




 with no detectable T
1
. If the silica 
connectivity was the dominating effect on whether the 
1
H MAS NMR signals were narrow or not, then the 
pH 4 signal should be narrower than at pH 2, which is not observed in this data. The connectivity of the 
network at pH 2 then appears to increase at 24 h, as observed by the increase in degree of condensation 
to 87 %, whereas at pH 4, the Dc reduces further to 75 %. So it is likely that the increasing degree of 
functionalisation is the cause behind the broadening of the peaks. Increasing crosslinking between organic 
and inorganic networks leads to reduced molecular mobility. In all, this is a very complex system that has 
many contributing factors. 
 
TABLE 3.1 – TABLE OF QUANTIFIED SILICA SPECIES PRESENT IN THE QUENCHED CHITOSAN-GPTMS REACTION 
SOLUTIONS AT PH 2 AND 4 AND AT INCREASING REACTION TIMES 




T3 T2 T1 Dc 
4 
5 min 48.1±2.6 39.0±2.0 12.9±2.2 78.4 
4 h 44.4±4.3 45.3±3.4 10.2±2.4 78.0 
24 h 37.2±4.0 51.9±4.9 11.0±3.1 75.5 
2 
5 min 64.8±5.0 35.2±3.6 - 88.3 
4 h 44.2±2.6 55.8±3.9 - 81.4 
24 h 60.5±3.8 39.5±2.9 - 86.8 
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FIGURE 3.8– 1 PULSE 
29
SI MAS NMR OF FUNCTIONALISED CHITOSAN SHOWING ONLY T
N
 SPECIES, AS EXPECTED. 
CHITOSAN-GPTMS AT PH 4 FUNCTIONALISED FOR A) 5 MIN, B) 4 H C) 24 H AND AT PH 2 FOR D) 5 MIN E) 4 H AND 
F) 24 H. COURTESY OF FREDERIK ROMER, UNIVERSITY OF WARWICK 
The high Dc is in contrast to previous reports of solution state 
29
Si NMR analysis of silica condensation of 
GPTMS in D2O at various pH values where it was found that the condensation reactions were much slower 
with T
0
 species observed at 24h at pH 2, 7 and 9 
30
. Although quantification of the different species was 
not carried out, at pH 7 T
0
 groups were the only species present up to 8 h and T
3
 species only emerged 
after 14 days 
30
. In contrast to this work, there was a strong time dependency with the Dc increasing as the 
reaction progressed. One possible cause of the difference in observed silica connectivity is that the 
process of quenching the sols in liquid nitrogen effectively concentrates the sols by phase separation 
which occurs during the formation of water-rich ice crystals and sample-rich regions between them. 
However, since the condensation of silica is temperature dependent 
59
 and by freezing the samples, the 
molecular mobility was dramatically reduced, it would be intuitive that the condensation reaction would 
be halted rather than promoted. An alternative explanative is that the presence of the chitosan in 
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solution, positively charged due to protonation of the amine groups, attracts negatively charged silanol 
groups of GPTMS. Through this attraction, multiple GPTMS molecules are brought into close proximity, 
promoting condensation of the silanol groups. Coradin et al. found that the rate of condensation of silicic 
acid was increased in the presence of positively charged peptides but saw no enhancement in rate for the 
respective amino acids 
185, 186
. They concluded that electrostatic attractions between the amines and 
silanols alone was not sufficient for promoting condensation but the resulting increase in localised 
concentration. 
To determine whether the unexpectedly high Dc and lack of time dependency of the silica structure of 
these hybrids is due to the processing steps or the presence of chitosan further work will need to be 
carried out. Possible analysis could involve in situ quantitative solution state 
29
Si NMR so that the relative 
numbers of each silica species can be determined as a function of time. 
However, one important message to take from this data is that if a significant number of T
3
 species are 
formed prior to the addition of another silica source, for example TEOS, then the silica species would be 
rendered unable to condense with the additional silica source. This may potentially lead to two distinct 
silica networks that do not interpenetrate, and hence segregation of organic and inorganic phases. This is 
a key criteria that the development of hybrids rather than composites was attempting to avoid. The extent 
and significance of this observation is unknown and further investigation is required to establish the 
degree of interaction between the two networks, potentially using labelled silica species. 
 
 
FIGURE 3.9 – FTIR SPECTRA OF PURE CHITOSAN AND CHITOSAN FUNCTIONALISED WITH GPTMS AT PH 2 AND 4 
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 FIGURE 3.10 – FTIR SPECTRA OF PURE CHITOSAN AND CHITOSAN-SILICA HYBRID MONOLITHS WITH 65 WT% 
ORGANIC WHERE THE FUNCTIONALISATION STEP HAS BEEN CARRIED OUT AT PH 2 AND 4 
FTIR spectra of the chitosan functionalised with GPTMS for 24 h at pH 2 and pH 4 (Figure 3.9) are very 
similar to the pure chitosan FTIR spectrum. Minor differences arise at 1507 cm
-1
 where the amide II band, 
attributed predominantly to N-H bending of the deacetylated chitosan units, reduced in intensity at pH 4 
relative to the amide I band (C=O stretching of the remaining acetylated chitin units). While the reduction 
may be due to reaction occurring between the primary amine and the epoxide ring of GPTMS 
187
, this 
would suggest that the reaction yield is greater at pH 4 than at pH 2, in contrast with the NMR data which 
suggested that the reaction was fastest at pH 2. Alternatively, the reduction in intensity of the amide II 
band may potentially be due to hydrogen bonding of the amine group in chitosan, which is more 
prominent at pH 4 because fewer of the amine groups were converted to secondary amines. There is no 
evidence of the epoxide ring remaining at either pH 2 or pH 4 as the bands for C-O-C stretching of GPTMS 
would be expected at 909 cm
-1
 and 846 cm
-1 180, 188
. This is potentially due to the small amount of GPTMS 
used relative to the amount of chitosan. Mahony et al. showed in a similar system that the bands 
corresponding to the unopened epoxide ring could not be distinguished until a C-factor (defined as molar 
ratio GPTMS to gelatin) of 1500 was used 
17
. 
Monoliths were fabricated with an organic content of 65 wt% where the functionalisation step was carried 
out at pH 2 and pH 4. After the addition of hydrolysed TEOS, the sols were stirred for 1 h, cast into moulds 
and allowed to gel. The hybrid sols at pH 4 gelled within a few hours whereas the sols at pH 2 took several 
weeks to gel. The isoelectric point of silicic acid is pH 2.2 and close to this pH, the time for gelation is very 
long as the silica species has zero charge. At pH 4, the gelation time depends on the concentration of OH
-
 
in solution as described by Iler 
59
. Once dried, the chemical structure of the monoliths were investigated 
by FTIR and 
29
Si MAS NMR. 
FTIR spectra of hybrid monoliths (Figure 3.10), fabricated by combining hydrolysed TEOS with the 
chitosan-GPTMS solution at pH 4 or pH 2 to give a composition of 65 wt% organic, show a strong Si-O-Si 
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stretching band that appeared at 1020 cm
-1
. The band at 934 cm
-1
 was attributed to non-bridging Si-OH 
bonds and appeared more intense at pH 2 than at pH 4, indicating a more condensed network at pH 4. 
The primary and secondary amide band of chitosan was retained at 1600 cm
-1
 and 1500 cm
-1
. In a similar 
fashion to the functionalised chitosan, at pH 4, the intensity of the secondary amine reduced whereas 
little change was observed at pH 2. Again, this may be attributed to more prominent hydrogen bonding at 
pH 4. 
29
Si MAS NMR can be used to quantify the connectivity of a silica network. The nomenclature Q
n
 is used to 
describe silica species where the silica is bonded to n bridging oxygens and 4n non-bridging oxygens, 
whereas T
n
 is used to describe silica species bonded to a carbon (as in GPTMS) and n bridging oxygens 
with 3n non-bridging oxygens. 
29
Si MAS NMR spectra showed that the hybrid monoliths had a partially 




 species which correspond to C-Si(O-Si)n(OH)3-n 
and Si(O-Si)n(OH)4n respectively 
178
. Quantification of the silica species by peak fitting of the one pulse 
MAS 
29
Si NMR spectra indicated agreement with the FTIR results that the hybrids synthesised at pH 4 were 
more highly condensed than at pH 2, as indicated by the Dc of 92.7 % compared with 90.2 %. In fact, at pH 
4 there were no Q
2
 species present whereas there were 5.0 ± 0.4 % present at pH 2. The higher Dc of with 
increasing pH is the opposite trend to that observed in the chitosan-GPTMS system. The more condensed 
network is due to the fact that at pH <2.2, the transition state of condensation is stabilised by the ethoxy 
and methoxy groups of TEOS and GPTMS. The partially hydrolysed silica precursor condenses faster, 
leading to chains of silica network with a large number of non-bridging oxygens. The opposite is true at pH 
>2.2, where fully hydrolysed precursors condense fastest, leading to highly condensed silica networks with 




TABLE 3.2 – PERCENTAGE ABUNDANCE OF SILICON SPECIES PRESENT IN 65 WT% ORGANIC HYBRIDS FUNCTIONALISED 
AT PH 4 AND 2 
Silica species 
pH Q4 Q3 Q2 T3 T2 DC 
4 
2 
64.2±0.8 22.5±0.7 N/A 8.2±0.6 5.2±0.9 92.7 
60.0±0.5 25.1±0.4 5.0±0.4 6.9±0.7 3.0±0.4 90.2 
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FIGURE 3.11 – 
29
SI MAS NMR SPECTRA OF 65 WT% ORGANIC HYBRIDS SYNTHESIZED AT A) PH 2 AND B) PH 4 
SHOWING THE PEAK FITTING USED TO CALCULATE THE ABUNDANCE OF EACH SILICON SPECIES. COURTESY OF FREDERIK 
ROMER, UNIVERSITY OF WARWICK 
3.5 – Summary 
A combination of solution and solid state NMR techniques showed a reaction between the epoxide ring of 
GPTMS and chitosan at the primary amine. Following the reaction at three different pH values has shown 
that this reaction is acid catalysed, with significantly more reaction occurring at pH 2 than at pH 4 or 6. 
However, it was also shown that an unwanted side reaction of water with the epoxide ring occurred, 
resulting in diol formation, and that this was the dominant reaction at all pH values. Proton MAS NMR 
hinted at rapid chitosan hydrolysis under acidic conditions, highlighting the importance of balancing fast 
reaction kinetics at acidic pH values with close to neutral pH values to prevent chain scission. Hydrolysis of 
the methoxysilane groups of GPTMS is rapid under acidic conditions, however, condensation occurred 
simultaneously, so that within 5 min the Dc of the silica network was 76 % and 88 % at pH 4 and 2 
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respectively. This raises questions over the integration of the silica network where multiple silica 
precursors are used. Fabrication of monolith hybrids was achieved by introducing the functionalized 
chitosan into a sol of hydrolysed TEOS. The silica network of the monoliths was less condensed when 
chitosan was functionalized at pH 2 compared with those functionalized at pH 4, more typical of the silica 
sol-gel process.   
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Image: Chitosan-silica hybrid freeze dried scaffolds 
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Parts of this chapter have been published in Journal of Materials Chemistry B and are reproduced with the 
permission of the Royal Society of Chemistry 
101
. The published article is available at: http://dx.doi.org/ 
10.1039/C2PY20280H 
4.1 Introduction 
The previous chapter established the optimum functionalisation conditions for the synthesis of chitosan-
silica hybrids with GPTMS as a coupling agent to link the organic and inorganic networks. There is a need 
to balance a pH close to neutral to prevent hydrolysis of chitosan units while also ensuring acidic 
conditions in order for catalysis of the epoxide ring opening reaction and solubility of the chitosan 
30, 102
. In 
this chapter, this result is incorporated in the hybrid fabrication process by using a functionalisation pH of 
4. 
One of the criteria for a successful bone regeneration scaffold as described in Chapter 2, is that the 
materials should be porous with interconnects in excess of 100 µm 35. This is to allow vascularisation of 
the scaffolds and the diffusion of nutrients, degradation and waste product into and out of the scaffolds, 
ensuring the growing tissue remains viable. 





. Freeze drying is a widely used method of introducing porosity, particularly in chitosan-
silica scaffolds because chitosan preferentially forms sheets between the ice crystals creating elongated, 
angular pores. In this method, chitosan functionalised with GPTMS is combined with hydrolysed TEOS, 
cast into moulds and allowed to gel. These gels are subsequently frozen so that the ice crystals form 
templates for the pores in the material. Finally, the frozen gels are freeze dried to remove the water via 
sublimation, leaving the chitosan-silica scaffold. The pore size and morphology can be controlled by the 
freezing temperature and freezing direction, and porosity is governed by the concentration of the 
solution. Where uniaxial, controlled freezing is carried out, the process is known as freeze-casting 
189
 and 
will not be discussed in detail in this chapter. Due to the high water content of the frozen gels, high 
porosities are expected which will limit the strengths achievable. 
The sol-gel foaming method has only been applied to gelatin-silica 
17
 and PGA-silica 
19
 hybrid systems and 
is of particular interest as it can produce spherical pores with interconnect diameters in excess of 100 µm 
which can be tailored by altering surfactant concentration 
5, 66
. In this chapter, the foaming method will be 
applied to the chitosan-silica system for the first time. The chapter will focus on optimisation of the foam 
and freeze dried scaffolds, characterisation and comparison of the two techniques, and finally an 
assessment of the viability of these methods as fabrication techniques for chitosan-silica scaffolds. 
4.2 Methods 
4.2.1 Materials 
Unless stated, all chemicals were purchased from Sigma Aldrich, UK and used as received. 
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4.2.2 Synthesis of chitosan-silica hybrid scaffolds 
4.2.2.1 Freeze dried Scaffolds 
Figure 4.1 shows a schematic of the process used to produce hybrid scaffolds through freeze drying. 
Hybrid scaffolds were prepared by dissolving 1.5 g chitosan in 87 mL deionised water to give a polymer 
concentration of 17 mg.ml
-1
. To prevent hydrolysis of the chitosan chains, yet also catalysing the 
functionalisation reaction, the pH was set to pH 4 by adding 2M HCl dropwise to the solution 
(approximately 2.5 mL). GPTMS (0.55 g, 2.3 mmol) was added dropwise to the solution and reacted for 24 
h at room temperature. Separately, an appropriate amount of TEOS was hydrolysed with HCl (2 M) for 1 h 
and added to give hybrid sols of 65 wt%, 50 wt%, 35 wt% and 30 wt% organic compositions (See Table 
4.1.). 30 mL of the sol was cast into Nalgene PMP moulds, sealed and allowed to gel. The gels were aged at 
40 °C for 3 days before being frozen at -20 °C, -80 °C or being submerged in liquid nitrogen. The frozen gels 
were transferred to a CoolSafe110-4 freeze drier and dried for one week. 
FIGURE 4.1 – STEPS INVOLVED IN FABRICATION OF FREEZE DRIED AND FOAMED SCAFFOLDS 
 









30 11.55 3.73 1.24 
35 14.63 4.72 1.57 
50 6.00 1.94 0.65 
65 3.02 0.97 0.32 
 
4.2.2.2 Foamed Scaffolds 
Foamed scaffolds were fabricated following the same initial chitosan functionalisation step and TEOS 
hydrolysis to give chitosan-silica sols of 30 wt%, 50 wt% and 65 wt% organic. Several polymer 
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concentrations were used; 17, 30 and 40 mg.ml
-1
 where the highest concentration was restricted by the 
solubility limit of chitosan in dilute HCl. 50 mL of sol was transferred to a 1 L polypropylene container and 
0.4 mL triton-X surfactant was added and the sample vigorously agitated for 4-6 minutes using a Kenwood 
HM220 3-Speed Hand Mixer to introduce air bubbles giving a foam volume of around 200 mL. 1 mL of 
gelling agent (5 % HF) was added and the sol was further agitated for 30 s prior to pouring into Nalgene 
PMP moulds. Samples were submerged into an ice bath to help stabilise the foams and allow to gel before 
either aging at 40 °C for 3 days or freezing at -80 °C. All samples were transferred to a -80 °C freezer 
overnight and then freeze dried for 2 days using a CoolSafe110-4 with condenser temperature of -110 °C 
and connected to a vacuum pump with an ultimate total vacuum of 1x10
-2
 mbar. 
4.2.3 Characterisation techniques 
4.2.3.1 MAS solid state NMR 
Solid state MAS NMR is a useful technique to determine the chemical structure of solid materials and was 
previously described in Section 3.3.4.2. Courtesy of Mr Frederik Romer at University of Warwick, one pulse 
29
Si MAS NMR spectra were acquired at natural abundance on a 7.05 T Chemagnetics InfinityPlus 
spectrometer operating at 56.59 MHz. The samples were spun at 5 kHz using a Bruker 7 mm HX double 
channel probe. A π/4 pulse length of 6 µs and a recycle time of 240 s were used. The spectra were 
referenced to TMS using a secondary reference kaolinite with a resonance at 
29
Si δ: -92 ppm. The 





 species. From this, the Dc was calculated. 
Courtesy of Mr Frederik Romer, Department of Physics, University of Warwick, 
1
H spin echo MAS and 
13
C 
CPMAS spectra were acquired on an 11.75 T Bruker Avance III spectrometer operating at 500.10 MHz for 
1
H and 125.72 MHz for 
13
C. The samples were spun at 10 kHz using a Bruker 4 mm HXY probe operating in 
double resonance mode.  The 
1
H spin echoes were acquired using an initial π/2 pulse of 2.5 µs and a 
refocusing π pulse of 5 µs with a τ delay of 100 µs and using a recycle time of 3 s. The 
13
C CPMAS spectra 
were acquired using an initial 
1
H π/2 pulse of 2.5 µs and a contact time of 1 ms. The recycle time was 3 s 




C spectra were referenced to alanine which is a 
secondary reference to TMS with 
1
H resonances at 1.1, 3.5 and 8.5 ppm and 
13
C resonances at 20.5, 51.0 
and 177.8 ppm. 
4.2.3.2 Scanning electron microscopy (SEM) 
In SEM a beam of electrons scanned across a sample interacts with the material in various ways to 
produce a signal that can be processed into an image. The most commonly used detection mode is 
secondary electron where inelastic scattering between the electron beam and the materials’ atoms excite 
electrons in the outer shells leading to them become ejected. The topography of the materials’ surface 
affects the number of secondary electrons detected and hence a 3D image of the surface can be 
produced. 
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The pore structure of the scaffolds was imaged using a JEOL JSM 5610 LV microscope in secondary 
electron mode with an accelerating voltage of 5-15 kV and a working distance of 10-12 mm. 1 mm thick 
sections were fixed to metal stubs with carbon tape, ensuring good electrical contact with silver paint. The 
samples were sputter coated with gold for 2 min at 30 mA. 
4.2.3.3 X-ray microtomography (XMT) 
X-ray microtomography (XMT) is a 3D imaging technique that combines cross-sections of X-rays taken 
through the material to produce a 3D representation of the sample. This can be used to investigate 
structural features from 1-1000 m, with resolution limited by the strength of the X ray beam and size of 
the sample. The images can be processed further to give quantitative information about pore and 
interconnect sizes or used in modelling to determine mechanical or flow properties. In this chapter, XMT is 
used to quantify pore and interconnect diameters and compare with those obtained by mercury intrusion 
porosimetry. 
XMT was performed, courtesy of Zyiu Zhang, on the samples using a Pheonix nanotom (GE 
Measurement&Control, Wunstorf, Germany) with 9 m/voxel resolution. 3D image analysis methods 
developed in-house were applied to quantify the pore and interconnect diameter size distributions 
190-192
. 
4.2.3.4 Helium pycnometry 
In order to compare the mechanical properties of different scaffolds, the porosity must be known as this 
has a considerable effect on the mechanical properties 
175
. 
% Porosity values were calculated using: 
             
           
               
        EQUATION 4.1 
Bulk density was calculated by simple mass and dimensional analysis and skeletal density was calculated 
by helium pycnometry using a Quantachrome Ultrapycnometer 1000.  Helium pycnometry calculates 
accurate volumes of materials by filling a cell containing a sample with helium gas. The skeletal volume of 
the sample is calculated as the volume of the cell minus the volume occupied by helium gas, which 
includes all pores in the material larger than a single helium molecule (~1 Å). The ideal gas law (PV = nRT) 
is used to calculate this volume. The skeletal density can then be calculated from the mass of sample and 
skeletal volume. 
                 
           
              
   EQUATION 4.2 
Cell volumes were calibrated and a steel ball of known volume was tested before and after each sample to 
ensure minimal experimental drift. The samples were weighed and inserted into the cell and 20 runs were 
taken to obtain an average value of skeletal volume. Experiments were kept at a static temperature of 25 
o
C. Three samples of each composition were tested to determine a mean skeletal density and standard 
deviation. 
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4.2.3.5 Mercury intrusion porosimetry (MIP) 
Mercury intrusion porosimetry (MIP) is an analytical technique that can be used to determine various 
properties of a porous material including mean and modal pore interconnect diameters based on the 
volume of mercury intruded into a sample under a given pressure. Macropores with diameters of 14 – 200 
µm can be probed by low pressure MIP, and mesopores and nanopores of 3 nm – 14 µm can be 
investigated by high pressure MIP. 
The basis of the technique is that after evacuation of a sample to remove all gas inside the cell, liquid 
mercury is forced into the material under high pressure. Since mercury is a non-wetting liquid, pressure is 
required to overcome the liquids surface tension and hence the pore size can be calculated by balancing 
the opposing forces to give the Washburn equation 
193
. 
For cylindrical pores this is given by: 
      
      
  
      EQUATION 4.3 
Where PL is the pressure of the intruding mercury, PG the pressure of gas in the sample (assumed to be 
zero after evacuation), σ is the surface tension of mercury (taken to be 480 nM/m), θ is the contact angle 
of mercury on the sample (approximated to 140 º without much error), and DP is the pore diameter. 
By recording the pressure applied to the mercury and the cumulative volume of mercury intruded 
(cumulative pore volume), the pore diameter can be calculated. The raw data comes in a form of an 
intrusion-extrusion curve of cumulative volume vs. pressure from which all parameters can be 
determined. 
Pore size distribution is defined as the pore volume per unit interval of pore diameter. 
This is given by: 





  EQUATION 4.4 
The distribution can be plotted as –dV/d(logd) vs pore diameter and allows median, mode, and mean pore 
diameters to be determined 
194
. 
Due to the assumption that pores are cylindrical, the diameters calculated using this method are actually 
pore interconnect diameters as it is the smaller opening of the pores that determines the pressure 
required to overcome the surface energy. 
MIP was carried out using a Quantachrome Poremaster 33 machine equipped with both high and low 
pressure functionality and fitted to a Thermo Renaissance 2005 ARL-LS vacuum pump. Freeze dried 
scaffolds frozen at -20 °C and -80
 
°C showed no mesoporosity, so were only run on the low pressure 
stations along with the foamed samples. Freeze dried samples frozen in liquid nitrogen showed some 
mesoporosity, so were run on both high and low pressure stations.  
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Approximately 1 cm
3
 cube samples were weighed and placed into empty penetrometer cells. In the low 
pressure mercury stations, the cells were evacuated for 10 min. The cells were then filled with mercury 
under nitrogen gas pressure up to 340 kPa and the volume of mercury intruded with pressure was 
recorded. For high pressure MIP, the mercury filled cells were transferred to the high pressure mercury 
station where hydraulic oil was used to apply a pressure at a constant rate from 200 kPa to 200 MPa and 
again, the volume of mercury intruded into the sample was measured as a function of pressure. 
Data was analysed using PoreMaster for Windows 8.1 to produce pore size distributions from which 
modal pore interconnect diameters were calculated. 
4.2.4 Mechanical testing 
In order to compare the mechanical properties of foams and freeze dried scaffolds, 10 samples of each 
scaffold were tested under compression. Samples for mechanical testing were prepared by cutting 
cylinders of 8 mm diameter and heights of approximately 5 mm using a biopsy punch and scalpel. 
Significant care was taken to ensure that all sides were flat and parallel. The samples were compressed 
using a Zwick/Roell z2.5 machine fitted with a load cell of 2 kN and strain rate of 1 mm.min
-1
. Force 
exerted was recorded as a function of distance moved by compression plate. From these values, stress 
and strain could be calculated and plotted. 
STRAIN:   
  
 
     EQUATION 4.5 
Where l is the height of the sample and Δl is the distance moved by the compression plate. 
STRESS:  
 
    
    EQUATION 4.6 
Where F is the force exerted, l is the height of the sample and r is the radius of the sample. 
Compressive modulus was determined from the stress strain curves as the gradient of the initial straight 
linear elastic region. Compressive strength and strain at yield were determined as the stress and strain 
respectively at which the stress-strain curve deviated from the initial linear elastic region. The shapes of 




4.2.5 Dissolution testing 
Dissolution testing was carried out on the scaffolds to compare the rate of silica and polymer release 
between samples of different composition and fabrication method. The determination of both silica and 
polymer release is important because the components should degrade congruently if the material is a true 
hybrid, due to the intimate interaction between the interpenetrating networks. 
SBF is a solution which mimics the pH and ion concentrations of physiological blood plasma. SBF can also 
be used as an indication of the bioactivity of a material in vivo. If the sample precipitates HA within 72 h, 
the sample can be considered bioactive 
41
. Therefore, SBF was used in this thesis as the medium for 
 Natural and synthetic polymer-based hybrid materials for tissue regeneration 
Page 85 Imperial College London  Louise S Connell 
dissolution and was prepared as described by Kokubo and Takadama 
195
. Freeze dried and foamed hybrid 
scaffold samples were immersed in SBF at a ratio of 200 mg: 100 mL and degassed for 5 minutes to ensure 
that all air was removed from the scaffold pores and the samples were fully immersed in solution. The 
samples and solution were sealed in 125 mL polyethylene containers. The solutions were agitated at 120 
rpm at 37 °C in an orbital incubator shaker (Newbrunswick Scientific – Classic Series C24). After 1, 2, 4, 8, 
24, 72, 168, 336 and 672 h, 1 mL of solution was removed for analysis and replaced with 1 mL fresh SBF. 
The solutions were analysed by inductive coupled plasma – optical emission spectroscopy (ICP-OES, 
Thermo iCAP 6300) to determine the Si, Ca and P concentrations.  Each sample was repeated in triplicate. 
At the end of the study, remaining solids were recovered by filtration, rinsed with deionised water and 
acetone, and dried overnight at 40 °C for further analysis by FTIR and SEM. 
4.2.5.1 Inductive coupled plasma – optical emission spectroscopy (ICP-OES) 
Inductive coupled plasma – optical emission spectroscopy (ICP-OES) measures the concentration and 
species of ions in a solution. The principle of the method is that the solution is introduced into an argon 
plasma where the atoms in the solution collide with the electrons to become ionised. The process of 
ionisation of the atoms leads to a release of energy at a wavelength specific to the element that just lost 
electrons. A calibration curve is used to convert the intensity of the specific wavelength into a 
concentration of the element of interest in solution. 
4.2.5.2 Fourier transform infra-red spectroscopy (FTIR) 
FTIR was used in this chapter to determine whether polymer remained in the hybrid sample after 4 weeks 
in SBF and whether apatite precipitated on the scaffolds surfaces during that time. 
FTIR was carried out using a Thermo Scientific Nicolet iS10 Spectrometer operating in ATR mode. All 
samples were prepared for analysis by grinding to a fine powder. Spectra were taken in the range 450-
4000 cm
-1
 at a resolution of 2 cm
-1
 and averaged over 16 scans. 
4.2.5.3 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is used to determine the arrangement of atoms within a crystalline materials. X-
rays incident on a material are diffracted by the planes of atoms within the crystal and constructively or 
destructively interact to give rise to a characteristic diffraction pattern. A three dimensional 
representation of the electron density, and hence the arrangement of atoms in the material, can be 
constructed using Bragg’s Law and a combination of the angle by which the X-ray is diffracted and the 
relative intensity of the signals. XRD can be easily used to identify different materials which would 
otherwise have the same chemical composition, for example, different calcium phosphates. 
XRD samples were run by Sarah Greasley before and after 2 w in SBF were prepared by grinding down to a 
powder. The powders was mounted onto a zero-background substrate made from an off-axis cut, high 
quality silicon crystal. The single diffraction peak of the substrate appears above 120 º 2θ, higher than the 
range investigated here. The spectra were collected using a Bruker D2 PHASER desktop X-ray 
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diffractometer with a step size of 0.0345 º, 0.3 seconds per step, measuring between 5 and 70 degrees 2θ. 
The radiation source was a Ni filtered CuKα.  
4.2.5.4 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was used to determine the organic content of samples after specific 
timepoints in SBF. The TGA apparatus consists of a sensitive balance that measures the change in mass of 
a sample as a function of temperature. For this experiment, the % mass loss up to 700 °C as the organic 
content of the sample burnt out was calculated, giving the relative organic and inorganic compositions of 
the samples remaining after dissolution. 
Scaffolds (200 mg) of 65 wt% and 50 wt% organic and frozen at -80 °C were immersed in SBF (100mL) and 
degassed for 5 minutes to ensure complete immersion and no air trapped in the sample pores. Separate 
samples were required for each time point and samples were removed after 4, 72, 168 and 672 h. The 
samples were filtered, rinsed with deionised water and acetone and dried overnight at 40 °C. Samples 
were ground to a fine powder and approximately 15 mg was placed in a platinum crucible and heated to 
700 °C in a NETZSCH STA 449C dual thermogravimetric analysis-differential scanning calorimeter. A blank 




 was used in continuously flowing 
air. 
4.2.5.5 Polymer release by Cibacron brilliant red assay 
TGA can only provide information on the relative compositions of the scaffolds after dissolution, whereas 
the Cibacron brilliant red assay can, in theory, provide an absolute value of the concentration of chitosan 
released into the SBF solution. 
A method was established by adapting a previously published method 
196, 197
. A 0.3 M glycine-HCl buffer 
was prepared by dissolving 5.61 g glycine in 250 mL deionised water. 125 mL glycine solution was 
transferred to a 250 mL volumetric flask and 20.5 mL 0.3 M HCl was added. The solution was made up to 
250 mL with deionised water. The pH was measured as 3.2. To prepare the Cibacron Brilliant red 3B dye 
(Figure 4.2), 100 mg of dye was dissolved in 10 mL deionised water. 9 mL of this solution was transferred 
to a 100 mL volumetric flask and made up to 100 mL with the 0.3 M glycine-HCl buffer. To prepare 
chitosan standards, 20 mg chitosan was added to 50 mL SBF and 1M HCL was added dropwise to enable 
chitosan dissolution. The pH should not fall below pH 5. The solution was made up to 100 mL with 0.3M 
glycine-HCl buffer. In a transparent 96 well plate, the volumes of each component indicated in Table 4.2 
were combined. 
To measure the chitosan concentration in SBF during dissolution, the experiment was carried out as 
described previously but 0.5 mL SBF solution was removed at each time point and placed into an 
Eppendorf tube along with 0.5 mL 0.3 M glycine-HCl buffer. 0.5 mL of fresh SBF was replaced in the 
polyethylene containers. 150 µL of chitosan/SBF/Glycine-HCl solution in the Eppendorf tube was 
transferred into a cell of the transparent 96 well plate and 30 µL dye solution was added. 
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The concentration of chitosan in solution was determined from the change in absorbance at 570 nm as 
measured using a Molecular Devices, SpectraMax M5 plate reader operating with SoftMax Pro software. 
This corresponds to a shift from the red colour of the Cibacron Brilliant red 3B dye to a blue colour as the 
amine groups of the chitosan becomes coordinated to the dye. 
 
FIGURE 4.2 – CHEMICAL STRUCTURE OF CIBACRON BRILLIANT RED 3B 
4.3 Results and discussion 
Chitosan-silica scaffolds were fabricated by freeze drying and foaming methods. In this section, various 
parameters involved in scaffold optimisation are explored before characterising the mechanical and 
dissolution properties of the optimised scaffolds to determine if these scaffolds are appropriate for tissue 
regeneration. 
4.3.1 Synthesis of freeze dried scaffolds 
Freeze dried scaffolds were fabricated by freezing chitosan-silica gels at various temperatures and 
removing the ice acting as pore templates with a freeze drying technique.  
4.3.1.1 Optimisation of organic content 
Initially three organic compositions were investigated; 65 wt% organic, 50 wt% organic and 35 wt% 
organic (components detailed in Table 4.1) all with a chitosan:GPTMS ratio of 4:1 and a polymer 
concentration of 17 mg.mL-1. These compositions were chosen as it was expected that they would give a 
TABLE 4.2 – VOLUMES OF COMPONENTS REQUIRED FOR CIBACRON BRILLIANT RED ASSAY 
Concentration 
Chitosan (mg/mL) 
0 0.02 0.04 0.06 0.08 0.2 
Vol. Chitosan 
solution (μL) 
0 30 60 90 120 150 
Vol. Glycine-HCl 
buffer (μL) 
150 120 90 60 30 0 
Vol. Dye (μL) 30 30 30 30 30 30 
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variety of different mechanical properties, ranging from glassy and brittle to tough and plastic, based on 
previous work by other groups 
21, 100
 and currently unpublished work on monolith hybrid samples. The 
hybrid sols of the three different compositions took increasing lengths of time to gel as the organic 
content increased. The 65 wt% organic, 50 wt% organic and 35 wt% organic sols took around 1-4 h, 1-2 h, 
and 20 min to gel respectively. As described by Iler, between pH 2 and 7, the rate of gelling is proportional 
to the concentration of OH
-
 so that increasing pH reduces the time to gelation 
59
. A sol at pH 2 is expected 
to gel much more slowly than a gel at pH 4. The functionalised chitosan solutions were all fixed at pH 4, 
whereas the hydrolysed TEOS was at pH 2. On addition of the hydrolysed TEOS to the functionalised 
chitosan, the pH was measured as 2-3 depending on the amount of hydrolysed TEOS added. From this, 
one might expect that the sol with the lowest organic content (and hence a pH closest to 2) to gel the 
slowest. However, the opposite was observed. This means that it is the extent of the development of the 
silica network that controls the speed of gelation. In high organic sols, such as 65 wt% organic, the silica 
nanoparticles that are precursors to the silica network are at a low concentration and, hence, sparsely 
distributed so that it takes longer for the gel point to be reached whereas in 35 wt% organic, the primary 
silica particles are at a high enough concentration that they reach the gel point rapidly. 
The three gels were all frozen at -20 °C overnight, transferred to a -80 °C freezer for two hours and finally 
freeze dried for 1 week to remove water. If the samples were removed prior to this the surface of the 
samples felt dry to the touch but when they were cut open the centre was still gel-like and frozen. The 
scaffolds are illustrated in Figure 4.3.  
 
 
FIGURE 4.3 – FREEZE DRIED SCAFFOLDS WITH ORGANIC CONTENTS OF A) 35 WT% B) 50 WT% C) 65 WT% 
The 35 wt% organic scaffold was very fragile and contained many large cracks throughout its volume. This 
scaffold disintegrated to a powder on handling and so further characterisation was impossible. It was 
observed previously that use of freeze drying to create porous ceramics required an organic filler prior to 
sintering the particles to stabilise the structures 
173
. In this case, there was not enough chitosan present to 
hold the form of the structure and the silica network became disrupted by the formation of ice crystals. 
However, the 50 wt% organic and 65 wt% organic scaffolds had a higher structural integrity due to the 
increase in chitosan content. Because of this, the two compositions, 65 and 50 wt% organic, were further 
investigated. 
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4.3.1.2 Optimisation of polymer concentration 
In the freeze drying method, the porosity of the samples is derived primarily from the water content of 
the sols. The water, when frozen, acts as the templates for the pores and is subsequently removed to 
leave porosity. Low polymer concentrations, and hence higher water contents, will lead to high porosities 
and vice versa for high polymer concentrations. Although chitosan is soluble in dilute acids such as HCl due 
to protonation of the amine groups, there is a limit to its solubility. This depends on the pH of the solution, 
the length of the polymer chain and on the degree of deacetylation 
84, 85, 198, 199
. The pH of the solution was 
set at pH 4, as determined in Chapter 3. The data provided by Sigma Aldrich about the chitosan indicated 
that the molecular weight of the polymer was approximately 50 kDa, based on viscosity, and the degree of 
deacetylation was 96.1 %. These values varied between batches and so care was taken to ensure all 
chitosan was used from one batch and highlights one of the difficulties with working with natural 
polymers. 
Sols were prepared with chitosan concentrations of 17, 30, 40 and 50 mg.mL
-1
. The viscosity of the 
polymer solutions increased as the chitosan concentration increased. The colour of the solutions also 
deepened from pale yellow to brown. Above 50 mg.mL
-1
, the viscosity was so high that the hydrolysed 
TEOS could not be stirred thoroughly through the solution and so the silica network formed as a separate 
phase on top of the chitosan solution rather than interpenetrating with the polymer network. Therefore, 
the limit of concentration was taken to be 40 mg.mL
-1
 where the polymer solutions were viscous, but the 
silica precursors could be mixed thoroughly throughout prior to gelation. 
Freeze dried scaffolds were prepared using these chitosan concentrations, freezing at -20 °C and using 
organic contents of 65 and 50 wt% organic. It was found that at polymer concentrations of 30 mg.mL
-1
 and 
above the scaffolds were mechanically unstable and disintegrated to a powder or flakes on handling 
(Flaked structure illustrated in Figure 4.4). Scaffolds fabricated at 17 mg.mL
-1
, however, were mechanically 
stable and it is this concentration that was investigated further. 
 
FIGURE 4.4 – FLAKED, UNSTABLE STRUCTURE OF FREEZE DRIED SCAFFOLDS FABRICATED USING A POLYMER 
CONCENTRATION OF 30 MG.ML
-1
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4.3.1.2 Effect of freezing temperature 
Finally, using the organic contents and polymer concentration identified earlier, the effect of freezing 
temperature on the fabrication of the scaffolds was explored. Hybrid gels of 65 wt% and 50 wt% organic 
were frozen at three different temperatures; -20 °C, -80 °C and in liquid nitrogen (-196 °C). 
 
FIGURE 4.5 – EFFECT OF REDUCING FREEZING TEMPERATURE. 65 WT% ORGANIC SCAFFOLDS FROZEN AT A) -20 °C              
B) -80 °C AND C) QUENCHED IN LIQUID NITROGEN 
All scaffolds were mechanically stable, pale yellow and became more opaque as the freezing temperature 
reduced (Photographs in Figure 4.5). Presumably, the increase in opacity of the scaffolds was due to the 
large number of small pores present scattering light. All scaffolds showed some degree of protrusion in 
their centres as the expansion of water on freezing forced material upwards. Sectioning the samples, the 
direction of freezing that produced this protrusion could be observed. 
 
FIGURE 4.6 – DIRECTION OF FREEZING CAUSING DIRECTIONALITY OF PORES 





, the pore diameters were shown to reduce as the freezing temperature was 
reduced. SEM images of the pore morphologies show the flat, sheet like structures that forms between 
the ice crystals to create the pore walls. The SEM images also show the reduction in pore diameter as the 
freezing temperature reduces. This can be attributed to the higher degree of supercooling that occurs at 
lower freezing temperatures, hence increasing the nucleation rate of ice crystals. Although more ice 
crystals form, the lower temperatures slows the growth of the crystals, resulting in many small ice crystals 
and hence smaller pores in the final scaffold. The pores were elongated and angular with a certain degree 
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of directionality due to the gels freezing from the outside-in. No obvious difference is observed by SEM 
between the 65 wt% and 50 wt% organic scaffolds with regards to morphology of the pores. 
Analysis of the modal pore interconnect diameters by mercury porosimetry confirmed that the 
interconnect diameter reduced as the freezing temperature reduced. The scaffolds frozen at -20 °C had 
modal pore interconnect diameters of 178 ± 47 μm and 156 ± 7 μm, -80 °C were 150 ± 39 μm and 140 ± 15 
μm, and those quenched in liquid nitrogen were 21 ± 12 μm and 23 ± 20 μm for 50 wt% and 65 wt% 
organic respectively. At -20 °C and -80 °C, the interconnect diameters were well above 100 μm, falling 
within the acceptable range for tissue engineering. However, gels frozen in liquid nitrogen result in pores 
that are far too small for cell penetration and vascularisation. The interconnect diameters of 65 wt% 
organic and 50 wt% organic scaffolds were similar at each freezing temperature, showing that pore 
interconnect diameters were independent of composition. The total porosity of the scaffolds varied 
slightly with composition (96.7 ± 0.2 % and 97.5 ± 0.2 % for 50 wt% and 65 wt% organic respectively). This 
is due to the water content of the gels prior to freeze drying. The scaffolds with higher organic content 
contained relatively more chitosan solution (17 mg.mL-1) and so also contain more water. When the water 
is frozen and removed during freeze drying, the ultimate result is to increase the porosity of the scaffolds. 
 
FIGURE 4.7 – IMAGES OF THE MORPHOLOGY OF 65 WT% ORGANIC AND 50 WT% ORGANIC HYBRID SCAFFOLDS 
FORMED BY FREEZE DRYING AT DIFFERENT TEMPERATURES BY SEM. SCALE BAR REPRESENTS 500 μM 
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FIGURE 4.8 – MODAL PORE INTERCONNECT DIAMETERS CALCULATED FROM INTERCONNECT DIAMETER DISTRIBUTIONS 
DETERMINED BY MERCURY POROSIMETRY 
 
FIGURE 4.9 – XMT OF 65 WT% ORGANIC SCAFFOLD FROZEN AT A) -20 °C AND B) -80 °C, ILLUSTRATING THE 
ELONGATED AND IRREGULAR PORE MORPHOLOGY TYPICAL OF FREEZE DRYING COURTESY OF ZIYU ZHANG 
XMT images of the 65 wt% organic scaffolds frozen at -20 ºC and -80 ºC, shown in Figure 4.9, illustrate the 
angular and irregular pore morphologies that is characteristic of scaffolds fabricated via freeze drying. 
Applying 3D image analysis techniques developed in house 
190-192
, the modal pore diameter of the -20 ºC 
65 wt% organic scaffold was 313 µm and the modal interconnect diameter was 189 µm, which is in good 
agreement with the mercury porosimetry data. The images also showed that the scaffolds were well 
interconnected, important for tissue ingrowth and vascularization. 
4.3.2 Synthesis of foamed scaffolds 
In order to directly compare the two different fabrication methods, a similar polymer concentration of 17 
mg.mL
-1
, 65 wt% and 50 wt% organic hybrid sols with a chitosan:GPTMS ratio of 4, functionalised at pH 4 
were chosen as a starting point. 
4.3.2.1 Effect of organic content 
Initial attempts to synthesise foamed scaffolds were unsuccessful. The sols foamed well with 50 mL sol 
expanding to 250-300 mL. However, on addition of HF, the foam volume dropped dramatically within 
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around 2 minutes of foaming and a low viscosity, milky suspension was obtained. If foaming time was 
reduced to 30 s after addition of HF, the foam volume could be maintained. However, after around 20 min 
a layer of milky liquid could be observed forming as the material drained from the pore walls. After around 
2 h, the foams had completely collapsed. It was theorised that this might be because the sols were too 
dilute for the silica network to span completely in order to support the structure. Instead, isolated silica 
particles were formed (See Section 4.3.2.5). Increasing the inorganic content increased the silica precursor 
in solution which in turn led to an increase in foam stability, supporting this theory. Both 30 wt% and 40 
wt% organic scaffolds were stable enough to age for 3 days at 40 oC prior to freeze drying. The scaffolds 
are illustrated in Figure 4.10 alongside SEM micrographs showing internal porous structure. The 
micrographs show large spherical pores with many smaller pores set into the walls of the foamed 
scaffolds. The pores do not look well interconnected which may result in poor cell penetration, rendering 
the scaffolds unsuitable for tissue engineering. Despite the improvement in structural stability of these 
scaffolds, they were still fragile to handle. 
 
FIGURE 4.10 – A) 30 WT% AND C) 40 WT% ORGANIC SCAFFOLDS SHOWING MECHANICAL STABILITY. INTERNAL PORE 
STRUCTURES OF B) 30 WT% D) 40 WT% ORGANIC SCAFFOLDS SHOWING SMALL PORES IN THE STRUTS 
4.3.2.2 Effect of polymer concentration 
As well as increasing the inorganic content of the sols, silica precursor concentration could be increased by 
reducing the amount of water in the sol. The majority of water arose from the polymer solution and so if it 
was made more concentrated, the concentration of the silica precursors would also increase. 
Using an organic content of 50 wt%, in order to compare directly with freeze dried scaffolds, increasing 
the polymer concentration did increase the stability of the foams. Where scaffolds formed at 17 mg.ml-1 
were not stable, scaffolds formed with polymer concentrations of 30 mg.ml-1, 40 mg.ml-1 and 50 mg.ml-1 
were all stable for 3 days ageing at 40 oC. As mentioned previously, some concerns were raised over the 
homogeneity of the 50 mg.ml-1 scaffolds as the polymer solutions were too viscous to mix the hydrolysed 
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TEOS in thoroughly prior to silica gelation. The SEM micrographs (Figure 4.11d-f) show the internal pore 
structures of the scaffolds where large spherical pores become more defined as polymer concentration 
increased. However there are many small pores embedded in the walls of the scaffolds with diameters in 
the region of 50 µm. 
 
FIGURE 4.11 – SILICA/ CHITOSAN HYBRID FOAM SCAFFOLDS SYNTHESISED WITH A) 30 MG.ML
-1





 OF CHITOSAN, SHOWING INCREASING STRUCTURAL STABILITY. SEM IMAGES OF SILICA/ CHITOSAN 
HYBRID FOAM SCAFFOLDS SYNTHESISED WITH D) 30 MG.ML
-1
 E) 40 MG.ML
-1
 AND F) 50 MG.ML
-1
 OF CHITOSAN 
SHOWING MORE DEFINED PORE STRUCTURE AT INCREASING POLYMER CONCENTRATION 
  
FIGURE 4.12 – COMBINING LOW ORGANIC CONTENT WITH HIGH POLYMER CONCENTRATION. 30 WT% ORGANIC 
SCAFFOLDS WITH A,D) 17 MG.ML
-1
 B,E) 30 MG.ML
-1
 AND C,F) 40 MG.ML
-1
 POLYMER CONCENTRATIONS 
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High polymer concentrations of 30 and 40 mg.mL
-1
 were combined with high inorganic content scaffolds 
of 30 wt% organic in order to establish whether these were the optimum scaffolds achievable (Figure 
4.12). The scaffolds were stable, and from SEM micrographs the pore diameters appear to become smaller 
and less well interconnected, with thickened pore walls, indicative of higher compressive strengths. 
However, the organic content was too low to prevent the scaffolds from being brittle and they appeared 
to be crumbly on handling. 
4.3.2.3 Effect of freezing and ageing 
It was observed during the aging step that the pore struts appeared to coarsen and deform suggesting 
that the porous structure was in the process of collapsing. The small pores in the cell walls also appeared 
to develop during this step. XMT of the 50 wt% organic 40 mg.mL
-1
 scaffold, favoured because of its 
stability during ageing combined with reduced brittle nature and because the composition was the same 
as the freeze dried scaffolds, thus enabling direct comparison, showed that the scaffold contained large 
spherical pores around 610 µm in diameter with many smaller pores of 160 µm diameter embedded in the 
pore walls. The XMT cross sections also showed that the pores were closed, meaning that the scaffold had 
poor interconnectivity. Those pores that were interconnected had modal pore interconnects of around 20 
µm which is far too small for cells to penetrate. This result is potentially catastrophic with regards tissue 
viability. The interconnect distribution showed a second interconnect diameter of 720 µm but since this is 
larger than the majority of the measured pore diameters, it is likely to be due to surface pores where the 
pores have been cut during preparation. All these observations agree closely with the observations made 
from the SEM micrographs. To eliminate pore coarsening effects, the ageing step was eliminated from the 
fabrication process so that foams were frozen at -80 ºC and dried directly, without ageing. This had the 
effect of increasing the interconnectivity of the foamed scaffolds (as visible in Figure 4.13 and Figure 4.14). 
The modal interconnect diameters, measured by MIP were much larger than those measured for the aged 
scaffold and crucially, the small micropores in the pore walls were eliminated. The freezing of the scaffolds 
did not appear to disrupt the overall pore morphology of the scaffolds, with the dominant pore forming 
process being the foaming step. MIP showed that the scaffolds had modal pore diameters of 148±25 µm, 
very similar to the freeze dried scaffolds frozen at -80 ºC, which was independent of the freezing 
temperature (Figure 4.17). 
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FIGURE 4.13 – EFFECT OF AGING. PHOTOGRAPHS OF 50 WT% ORGANIC, 40 MG.ML
-1
 POLYMER CONCENTRATION 
SCAFFOLDS A) WITH AGEING AND B) WHEN FROZEN DIRECTLY. SEM IMAGES OF THE PORE STRUCTURE SHOW THE 
EFFECT OF C) AGEING AND D) DIRECT FREEZING. E) 3D XMT REPRESENTATION ILLUSTRATING CLEARLY THE SMALL 
PORES IN THE WALLS OF THE SCAFFOLD. COURTESY OF ZIYU ZHANG 
 
FIGURE 4.14 – XMT CROSS SECTION SHOWING THE POOR INTERCONNECTIVITY BETWEEN PORES AND THE LARGE 
NUMBER OF SMALL PORES IN THE WALLS OF THE SCAFFOLD WHEN AGEING IS CARRIED OUT. COURTESY OF ZIYU ZHANG 
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FIGURE 4.15 – PORE DIAMETER DISTRIBUTION DETERMINED BY XMT. COURTESY OF ZIYU ZHANG 
 
FIGURE 4.16 – PORE INTERCONNECT DIAMETER DISTRIBUTION DETERMINED BY XMT. COURTESY OF ZIYU ZHANG 
 
FIGURE 4.17 – PORE INTERCONNECT DIAMETERS OF FOAM AND FREEZE DRIED SCAFFOLDS AS A FUNCTION OF 
FREEZING TEMPERATURE. WHILE THE FREEZE DRIED SCAFFOLDS SHOW INTERCONNECT DIAMETERS THAT ARE 
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4.3.2.4 – Optimised foams 
Using these results it was decided to take forward the scaffolds with organic content of 50 wt% and a 
polymer concentration of 40 mg.ml-1 to ensure scaffold stability and non-brittle behaviour. To ensure the 
scaffolds were well interconnected with no microporosity in the pore walls, the scaffolds were frozen soon 
after fabrication rather than being aged. 
4.3.2.5 – Effect of HF 
 
FIGURE 4.18 – EFFECT OF HF ON THE FINAL MORPHOLOGY OF DRIED, FAILED FOAMS. A,C) WITH HF AND B,D) NO 
ADDITION OF HF 
A final observation was that the addition of HF during synthesis has a significant effect on the chitosan-
silica sols. As described previously, the addition of HF led to a rapid reduction in foam volume from around 
300 mL to as little as 100 mL resulting in a white, milky suspension. When dried in an oven at 40 ?C, the 
suspension formed a white opaque disk, illustrated in Figure 4.18, the surface of which appeared to 
consist of spherical particles around 1 ?m in diameter. Energy dispersive spectroscopy (EDS) confirmed 
that these particles were high in silica and FTIR showed that the disks consisted of a highly condensed 
silica network. If foaming was repeated without HF, the foam volume was maintained but separation and 
collapse of the scaffolds still occurred after around 2 h. However, in this case the resulting liquid was not 
milky and opaque and gelled within a few hours. Drying the sample showed that the resulting disks were 
yellow and translucent. SEM revealed that there were still spherical features present, but they appeared 
to be embedded in a matrix, presumably the chitosan matrix. 
It is likely that the HF caused rapid silica condensation leading to isolated silica particles, since the pH of 
the solutions may increase with HF addition, rather than spanning networks which form more slowly in 
the absence of HF. Why this appears to be the case in chitosan-silica systems and not in gelatin-silica or 
PGA-silica systems is still unknown. Potentially, it is due to the low solubility of chitosan, meaning that the 
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silica precursors are very dilute, promoting the formation of isolated particles. Since some foam stability 
was retained by agitating for 30 s after HF addition, the effect must be worsened by the prolonged 
breaking up of the silica network mechanically, preventing the formation of a spanning network. 
4.3.3 Mechanical testing 
The skeletal density of 50 wt% and 65 wt% organic chitosan-silica hybrids were calculated as 1.82 ± 0.03 
g.cm
-3
 and 1.84 ± 0.02 g.cm
-3
 respectively by helium pycnometry. Porosity vales of the scaffolds were 
calculated based on the skeletal and bulk densities and were determined to be in excess of 96 % for all 
scaffolds. Foam scaffolds were the most porous at 98.0 % and 50 wt% organic freeze dried the least at 
96.5 %, showing some variation with freezing temperature. Although there were differences in porosities, 
the range was only 2 % which means that all scaffolds are of a similar porosity and their mechanical 
properties can be compared. Since the porosities are all so high, the strengths of the scaffolds were not 
expected to be particularly high. For gelatin-silica hybrid foams, a porosity of less than 85 % was calculated 
to give a plastic collapse strength in excess of 2 MPa, appropriate for bone tissue regeneration
17
. This 
would perhaps be an appropriate target for future hybrid foams. 
  
 
FIGURE 4.19 – THE HIGH POROSITY OF FOAMED AND FREEZE DRIED SCAFFOLDS. MOSTLY INDEPENDENT OF 
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-20 97.5±0.4 0.85±0.32 80.8±28.9 11.9±3.9 
-80 97.5±0.1 0.73±0.29 62.0±17.6 11.6±4.8 
-196 97.5±0.2 1.37±0.64 103.0±45.2 8.7±3.2 
Freeze dried 
50 
-20 96.9±0.2 1.06±0.50 87.5±41.9 11.9±6.4 
-80 96.7±0.2 0.91±0.40 69.9±21.3 7.8±2.7 
-196 96.4±0.1 1.08±0.14 143.0±71.3 14.5±7.5 
Foam 
50 
-80 98.0±0.2 0.06±0.03 6.9±2.6 11.6±2.6 
(mean ± SD, n=10)     
 
The mechanical properties of the scaffolds were investigated dry under compression and the data is 
presented in Table 4.3. The stress strain curves (Figure 4.20) showed that increasing chitosan content 
reduced the brittle nature of the scaffolds. Rather than “steps” visible in the curve, indicative of the pore 
struts cracking, 65 wt% organic freeze dried scaffolds showed a smooth transition from linear elastic to 
scaffold failure, illustrating plastic deformation. This provided evidence that incorporating chitosan does in 
fact reduce the brittleness of sol-gel silica scaffolds, one of the major aims of this work. A slight increase in 
the compressive modulus was observed at 50 wt% organic compared with 65 wt% organic, however, due 
to the highly porous nature of the scaffolds, there was a large degree of scatter within the data and this 
difference may not be significant. The difference between freeze dried and foamed scaffolds was large 
with foam scaffolds having failure stresses ten times lower than those of freeze dried scaffolds. The strain 
at failure did not vary with freezing temperature, with composition or with fabrication method. A small 
increase in compressive modulus and compressive strengths was observed for freeze dried samples 
quenched in liquid nitrogen and foamed scaffolds, again, were ten times less stiff than the freeze dried 
equivalent. At 87.5 ± 41.9 kPa, 69.9 ± 21.3 kPa, and 143.0 ± 71.3 kPa for -20 ºC, -80 ºC and liquid nitrogen 
50 wt% organic hybrids respectively and 80.8 ± 28.9 kPa, 62.0 ± 17.6 kPa, and 103.0 ± 45.2 kPa for -20 ºC, -
80 ºC and liquid nitrogen 65 wt% organic hybrid scaffolds respectively, the compressive strengths were far 
too low for load sharing applications for bone regeneration as originally intended. This is due, primarily, to 
the very high porosities of the scaffolds. Given the promising mechanical properties of the monolith 
samples, if the porosity were reduced, then the compressive strengths may be increased, making them 
more suitable for bone regeneration scaffolds. Alternatively, these scaffolds may be used in non-load 
sharing applications such as cartilage regeneration. The freeze dried scaffolds may be particularly 
attractive for cartilage regeneration due to the elongated pore morphologies and since chitosan has a 
similar structure to anionic glycosaminoglycans found in articular cartilage 
171
. 
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FIGURE 4.20 – REPRESENTATIVE COMPRESSION CURVES OF FREEZE DRIED AND FOAMED SCAFFOLDS FROZEN AT -80 
°C. THE 65 WT% ORGANIC SHOWS A REDUCTION IN BRITTLE NATURE OVER THE 50 WT% ORGANIC FREEZE DRIED 
SCAFFOLD, EVIDENT BY THE SMOOTHING OF THE STRESS-STRAIN CURVE. INSERT: THE FOAM SCAFFOLD SHOWS LITTLE 
MECHANICAL STRENGTH AND THE WEAK STRUTS BREAK EASILY, PRODUCING A NOISY TRACE 
4.3.4 Dissolution testing 
 
FIGURE 4.21 – DISSOLUTION PROFILE OF SILICON FROM 65 WT% ORGANIC AND 35 WT% ORGANIC HYBRID 
SCAFFOLDS OVER 4 WEEKS IN SBF AS MEASURED IN TRIPLICATE BY ICP-OES (MEAN ± SD) 
 
On the submersion of the samples the foamed scaffolds immediately disintegrated, losing their structure 
and leaving a powdery residue on the bottom of the polyethylene container (Figure 4.22c and Figure 
4.22c). Conversely, the freeze dried scaffolds retained their porous structure up to 4w in SBF with no 
disintegration of the scaffold structure as confirmed by SEM after recovery from SBF at the end of the 
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study (Figure 4.22a, b, d, e). Although the samples disintegrated rapidly on submersion, the silica release 
of foam scaffolds was much slower than that of freeze dried scaffolds with a plateau reached after 2 w of 
85 ppm. This is indicative of a more highly condensed network, confirmed by 
29
Si MAS NMR (Figure 4.23) 
and FTIR (Figure 4.26) as a result of HF catalysing highly condensed silica particles. In freeze dried scaffolds 
the silica network interpenetrates the organic network and hence becomes disrupted, rapidly releasing 
silica into solution. The silicon release in SBF as measured in triplicate by ICP-OES (Figure 4.20) is very 
rapid for both the 65 wt% and 50 wt% organic scaffolds. The fastest rate of silicon release was up to 8 h, 
with the silicon concentration in solution plateauing at around 80 ppm and 90 ppm for 50 and 65 wt% 
organic respectively after 24 h. 
 
 
FIGURE 4.22 –SEM IMAGES OF A) 65 WT% ORGANIC FREEZE DRIED B) 50 WT% ORGANIC FREEZE DRIED AND C) 50 
WT% ORGANIC FOAM SCAFFOLDS PRIOR TO SUBMERSION IN SBF AND D) 65 WT% ORGANIC FREEZE DRIED E) 50 WT% 
ORGANIC FREEZE DRIED AND F) 50 WT% ORGANIC FOAM SCAFFOLDS AFTER 4 WEEKS SUBMERSION IN SBF 
 Natural and synthetic polymer-based hybrid materials for tissue regeneration 
Page 103 Imperial College London  Louise S Connell 
 
FIGURE 4.23 – 
29
SI MAS NMR OF 50 WT% ORGANIC A) FREEZE DRIED AND B) FOAM SCAFFOLDS. COURTESY OF 
FREDERIK ROMER, UNIVERSITY OF WARWICK 
 
TABLE 4.4 – QUANTIFIED SILICA SPECIES IN 50 WT% ORGANIC FREEZE DRIED AND FOAMED HYBRID SCAFFOLDS. 
COURTESY OF FREDERIK ROMER, UNIVERSITY OF WARWICK 
Sample 
Q4 Q3 Q2 T3 T2 Dc 
/% /% /% /% /% /% 
Freeze 
Dried 
53 34 7 2 3 86 
Foam 61 34 - 5 - 95 
 
29
Si MAS NMR showed that the silica networks of the foam scaffolds were significantly more condensed 
than the freeze dried scaffolds, with Dc values of 95 and 86 % respectively. This is a result of the addition 
of HF in the foam samples where F
-







 leads to highly branched silica networks with a low quantity of silanol groups. FTIR of the 
foam and freeze dried scaffolds confirm this as the broad Si-O-Si band around 1021 cm
1
 in the freeze dried 
scaffolds became narrower and sharper meaning that fewer non-bringing oxygens were present (Figure 
4.26a-c).  
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FIGURE 4.24 – 
1
H MAS NMR OF A) FREEZE DRIED AND B) FOAMED 50 WT% ORGANIC CHITOSAN-SILICA SCAFFOLDS. 
COURTESY OF FREDERIK ROMER, UNIVERSITY OF WARWICK 





C MAS NMR was carried out on the scaffolds in order to determine whether any other 
chemical differences are observed between scaffolds fabricated by the two different methods. Initially, 
the 
1
H MAS NMR spectra (Figure 4.24) appear to be very different. The foamed scaffold shows a great 
degree of narrowing of the NMR signal, indicative of increased molecular mobility, whereas the freeze 
dried scaffold shows no distinguishable peaks. Comparison of the location of the peaks with chitosan 
solution state spectra (See Chapter 3) confirm that the sharp peaks that appear in Figure 4.24b are not 
due to proton envronments in the chitosan. Referring to literature, the peaks can be identified as resulting 
from the surfactant molecule Triton-X 100 
202
, introduced into the foaming method to give the porous 
structure. Since the surfactant molecule will be located at the interface between the hybrid material and 
air, i.e. the pore surface, there is a lot of volume in which the surfactant molecules are able to move. 
Hence, the sharp, dominating surfactant peaks are observed. The 
13
C MAS NMR confirms this hypothesis, 
as again the surfactant peaks were observed in the spectra (Figure 4.25). Interestingly, since the chitosan 
and GPTMS peaks can now be distinguished, there does not appear to be much difference between the 
chemical structure of the hybrids fabricated by the two methods. A particular worry, might be the use of 
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HF and surfactant during the foaming method since these are both toxic to cells. This is an important 
result, not just for this thesis, but also for other work where the foaming method is employed. 
 
 
FIGURE 4.25 – 
13
 C MAS NMR OF CHITOSAN-SILICA A) FREEZE DRIED AND B) FOAMED SCAFFOLDS WITH 50 WT% 
ORGANIC. COURTESY OF FREDERIK ROMER, UNIVERSITY OF WARWICK 
FTIR analysis of the remaining solids after 4 weeks in SBF (Figure 4.26) showed that in all samples the 
amide I and II bands were retained although there was a significant reduction in the intensity of the amide 
II band. This indicates that there was still chitosan remaining in the hybrid after the dissolution study, 
confirmed by TGA (Figure 4.28). The FTIR of foam scaffolds showed P-O bonds suggesting that HA 
precipitated on the silica powder released on disintegration due to the high surface area of available Si-OH 
nucleation sites. HA formation was confirmed by the reduction in calcium and phosphorus in the SBF 
solution over the 4 w, as measured by ICP (Figure 4.27) and by strong HA crystalline peaks in the XRD 
spectra (Figure 4.28). No evidence for apatite formation was observed for the freeze dried scaffolds.  
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FIGURE 4.26 – FTIR OF HYBRID SCAFFOLDS BEFORE AND AFTER 4W IMMERSION IN SBF OF A) 65 WT% ORGANIC 
FREEZE DRIED B) 50 WT% ORGANIC FREEZE DRIED AND C) 50 WT% ORGANIC FOAMED SCAFFOLDS. THE PRESENCE OF 
AMIDE I AND II BANDS INDICATES CHITOSAN REMAINS IN THE SCAFFOLDS AFTER IMMERSION 
 
FIGURE 4.27 – CHANGE IN A) CALCIUM AND B) PHOSPHORUS CONCENTRATIONS AS FREEZE DRIED AND FOAMED 
SCAFFOLDS ARE SUBMERGED IN SBF OVER 4 W, MEASURED IN TRIPLICATE BY ICP-OES (MEAN ± SD) 
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FIGURE 4.28 – XRD SPECTRA OF HYBRID FOAMED SCAFFOLDS BEFORE AND AFTER 4W IMMERSION IN SBF. HA 
REFERENCE SPECTRUM IS INCLUDED FOR COMPARISON. COURTESY OF SARAH GREASLEY 
 
FIGURE 4.29 – TGA TRACES SHOWING MASS LOSS DUE TO COMBUSTION OF THE ORGANIC COMPONENT OF 50 WT% 
ORGANIC A) FOAMED AND B) FREEZE DRIED SCAFFOLDS AT 0, 72, 168, AND 672H IN SBF. THE RELATIVE ORGANIC 
COMPOSITION OF THE FREEZE DRIED HYBRIDS REMAINS CONSTANT THROUGHOUT THE TIMESCALE OF THE STUDY 
WHEREAS THE FOAMED SCAFFOLD INITIALLY DECREASED BEFORE GRADUALLY INCREASING AGAIN 
Up to 100 ?C, a small amount of weight loss was observed by TGA which can be attributed to the loss of 
water and residual solvents present in the hybrids. Adjusting for this, the percentage weight loss between 
200 ?C and 600 ?C of the 50 wt% organic scaffold (freeze dried) prior to immersion in SBF due to 
combustion of the organic component was 43.4 wt%, slightly less than the targeted organic content. Up to 
4 w submersion, the organic content remained essentially constant, varying by only 0.1 %. This suggests 
that up to 4 w in SBF the organic and inorganic components were released at the same rate so that the 
relative composition remained constant. Congruent dissolution, seen in these samples, is one of the 
defining features of a successful hybrid material and so this is a promising result for the long term 
mechanical and chemical stability of the chitosan-silica hybrid. The TGA profile of the foam scaffold 
showed very different behaviour. Prior to submersion and after accounting for residual solvent loss, the 
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percentage weight loss between 200 ºC and 600 ºC was 65.4 %. This included the burn out of organic 
polymer as well as the loss of organic surfactant present. This value reduced to 45.1 % after 72 h 
submersion. This shows that there was a rapid loss of organic content into solution within the first 72 h. 
This is consistent with the observation that the foamed scaffolds tended to disintegrate rapidly on 
submersion but the silica was released slowly. This suggests that there was little covalent bonding 
between the networks so that the chitosan, which was holding the structure together, dissolved rapidly in 
solution to release the embedded silica particles which were recovered. However, up to 4 w the relative 
organic content gradually increased towards that observed prior to submersion, so that the final 
percentage weight loss measured was 55.8 %. This could be due to one of two factors; sustained released 
of silica gradually bringing the relative organic concentration back to 65.4 wt% or due to chitosan 
reprecipitation onto the scaffold surface. It should be noted that the increase in the relative organic 
content occurred despite the formation of apatite on the foamed samples. Apatite formation would 
increase the relative amount of inorganic content in the samples. Hence, the reprecipitation or rate of 
silica release must be more extensive than these values initially suggest. The Cibacron brilliant red assay, 
which measures the concentration of chitosan in solution, was used to determine the amount of chitosan 
in solution and hence if the chitosan precipitates. The reprecipitation of chitosan would be undesirable in 
the body as the polymer may be transported away from the scaffold while in solution and cause 
inflammation or pain if it concentrates elsewhere. 
 
FIGURE 4.30 – CONCENTRATION OF CHITOSAN IN SOLUTION AS DETERMINED BY THE CIBACRON BRILLIANT RED ASSAY 
(MEAN ± SD, N=3) 
Rapid chitosan release was observed in 65 wt% organic freeze dried and foamed scaffolds, reaching 0.027 
mg.mL
-1
 and 0.019 mg.mL
-1
 respectively within 24 h. At the same point, the 50 wt% organic freeze dried 
scaffold had released only 0.003 mg.mL
-1
, almost ten times less than the 65 wt% organic. After this point, 
the release from both freeze dried scaffolds plateaued briefly at 0.027 mg.mL
-1
 and 0.012 mg.mL
-1
 (65 and 
50 wt% organic respectively) whereas, the chitosan concentration for the foamed scaffold dropped 
dramatically, essentially reaching 0 mg.mL
-1
 at 72 h. Between 168 and 336 h the concentration of chitosan 
detected in solution began to reduce and this continued up to 4 weeks, the final time point of the 
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experiment, although the levels did not fall as low as that of the foamed scaffolds. This is indicative that 
the chitosan precipitates out of solution and hence supports the theory that the apparent increase in the 
organic content of the scaffolds was due to precipitation. However, no observed increase in organic 
content was observed by TGA of the freeze dried scaffolds so the reprecipitation of chitosan must have 
occurred primarily on the sides of the container. Also, since the amount of chitosan in solution was always 
lower than that of 65 wt% organic freeze dried scaffolds, it cannot simply be due to the solubility limit of 
chitosan in SBF. 
It should be noted that the Cibacron brilliant red assay showed large standard deviation in the absorbance 
at 570 nm and hence, in the concentrations of chitosan in SBF. The validity of the assay is called into 
question since, even at relatively low chitosan concentrations, precipitation of an insoluble chitosan-dye 
complex was formed. The precipitate was not homogenously distributed and so altered the optical 
properties of the aliquots. Caution should be taken when trying to draw conclusions from the absolute 
values given. 
It is interesting to compare plots of the differential of the mass loss against temperature, as measured by 
TGA. The traces allow the identification of the combustion or evaporation events that lead to mass change 
of different species. This includes chitosan of different molecular weight, degrees of bonding to the silica, 
or alternative organic species. Without combining this techniques with mass spectrometry (known as TGA 
with evolved gas analysis) we cannot confirm the identity of each species lost at each mass loss event. 
However, one obvious similarity that occurs in both the foam and freeze dried scaffolds was that the 
species lost at 230 ?C prior to submersion was shifted to 275 ?C and 257 ?C respectively. The event at 300 
?C, which caused the most rapid loss of mass in the foam scaffold, was not present in the freeze dried 
scaffold and disappeared completely after 72 h submersion. It is possible that this event was the 
evaporation or combustion of triton-X 100 surfactant which has a boiling point of 270 ?C. On submersion, 
the surfactant was effectively washed out. 
 
FIGURE 4.31 – DIFFERENTIAL OF TGA TRACES OF 50 WT% ORGANIC A) FREEZE DRIED AND B) FOAMED SCAFFOLDS 
 Natural and synthetic polymer-based hybrid materials for tissue regeneration 
Page 110 Imperial College London  Louise S Connell 
4.4 Summary 
Chitosan hybrid scaffolds were fabricated by combining the sol-gel process with freeze drying and for the 
first time with the foaming method. Chitosan was functionalized using pre-determined optimum pH 
conditions. For freeze drying, optimum processing parameters were determined as 17 mg.mL
-1
 polymer 
concentration and organic compositions of 50 wt% and 65 wt%. For freeze dried scaffolds, freezing 
temperatures had a dramatic effect on the modal pore interconnect diameter whereas for foams this was 
independent of temperature. Freeze dried scaffolds fabricated by quenching in liquid nitrogen had 
interconnect diameters of 20-23 µm which is too small for tissue engineering applications. Freeze dried 
scaffolds frozen at -20 ºC and -80 ºC and foams are suitable as they have pore interconnects well in excess 
of 150 µm. The compressive strengths of all of the scaffolds were far too low to be used in load-sharing 
applications, primarily due to their high porosities of 96-98 %. Reducing the porosity will increase the 
compressive strengths of the scaffolds or alternative applications, such as non-load bearing cartilage 
regeneration, may be more appropriate. A 4 week dissolution study in SBF showed that the porous 
structure of freeze dried was maintained although foams disintegrated on submersion, likely due the rapid 
release of chitosan into solution which was maintaining the structure of the scaffold. This indicates that 
foams would not be suitable for tissue engineering applications. The silicon release of freeze dried foams 
was rapid within the first 24 h but throughout the dissolution study the chitosan and silica were released 
concurrently so that the relative composition of the hybrid remained unchanged from 0 h up to 4 weeks. 
This is an important result that points towards long term mechanical stability and chemical activity of the 
scaffolds, potentially making them suitable for cartilage regeneration. The freeze dried process would be 
preferred over the foaming process for this chitosan-silica system. 
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Image: Prepared containers for dissolution testing 
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Parts of this chapter dealing with transesterification of methacrylate monomers have been published in 
Polymer Chemistry and are used by permission of the Royal Society of Chemistry 
203
. The published article 
is available at: http://dx.doi.org/10.1039/C2PY20280H 
5.1 – Introduction 
Previous chapters explored the use of natural polymers in hybrids for tissue engineering scaffolds and 
determined that there was as issue surrounding the functionalisation of chitosan with GPTMS since only 
around 20 % efficiency was observed. Other concerns involved batch-to-batch variation and the ambiguity 
of natural polymers structures and the implications that this has on the process optimisation. In this 
chapter, a polymer is synthesised that already incorporates silane groups, removing the necessity for post 
modification. Controlled radical polymerisation is employed in order to limit, as far as possible, batch-to-
batch variation. 
Due to its simplicity, robustness, versatility and applicability to a range of functional monomers and 
solvents 
141
 ATRP is one of the most widely used controlled radical polymerization methodologies 
204, 205
. 
Methanolic ATRP of a wide range of monomers has received significant attention since it provides a 
compromise between rapid kinetics and sufficient polymerization control 
156, 158, 206-208
. For example, it is 
used for HEMA polymerisation in the production of soft contact lenses 
209
. 
In this chapter, the alcoholic ATRP of pHEMA-TMSPMA will be exploited for the first time. Copper 
catalysed transesterification during conventional ATRP will be explored leading to an alternative 
polymerisation method. Since the most significant restriction in terms of commercial exploitation is the 
removal of the toxic catalyst, methods involving low levels or no copper, traditional FRP and ARGET ATRP, 
will also be explored to create pHEMA-TMSPMA polymers that can be incorporated into the sol-gel 
process to form type II hybrids. Finally, a brief study into incorporating degradable groups into the 
polymers using degradable initiators will be explored to establish the possibility of using controlled 
polymerisation techniques to create fully synthetic degradable tissue engineering scaffolds. 
5.2 – Methods 
5.2.1 – Materials 
Triple-distilled 2-hydroxyethyl methacrylate (HEMA) was kindly donated by Cognis UK Ltd. AIBN purchased 
from Sigma Aldrich was purified by recrystallization into cold methanol. All other materials were 
purchased from Sigma Aldrich and used as received unless stated. 
5.2.2 – Polymer synthesis 
The initiator synthesis protocol was taken from previous work 
119
 where 4-(2-hydroxyethyl) morpholine 
(10.000 g, 0.0763 mol) was reacted with 2-bromoisobutyrlbromide (17.549 g, 0.0763 mol) and 
triethylamine (7.706 g, 0.0763 mol) in dry toluene (200 mL) for 48 h at ambient temperature. To purify, 
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the solutions were filtered to remove the precipitated amine salt, stirred with activated carbon to remove 
impurities and dried with MgSO4 before being filtered again. The solvent was removed by vacuum 
distillation and the product kept at -20 °C prior to use. The initiator was chosen specifically for its 
morpholine group which provides distinctive 
1
H NMR peaks that can be used to determine the degree of 
polymerisation and hence predict the molecular weight of the polymers. The initiator will be referred to as 
MEBr. 
ATRP: In a typical experiment to target a degree of polymerisation (DP) of 30 and produce a homopolymer 
of HEMA, a previous protocol was adapted 
119
 to incorporate ethanol as a solvent and hence, reduce 
transesterification side reactions. 
ME-Br initiator (716 mg, 2.55 mmol) and HEMA monomer (10.0 g, 76.3 mmol) were syringed into a dry 50 
mL round bottom flask. 10 mL anhydrous ethanol was syringed into the flask, sealed with a rubber septum 
and degassed with dry nitrogen gas for 30 min. To initiate polymerisation, copper(I) chloride (Cu(I)Cl, 253 
mg, 2.55 mmol) and 2,2’-bipyridine ligand (bipy, 992 mg, 6.36 mmol) were added, turning the solutions 
dark brown immediately. Reactions were carried out for up to 24 h and the final solutions were very 
viscous. Polymers were purified by diluting with anhydrous ethanol and passing the reaction solutions 
through silica columns repeatedly to remove Cu(II) by absorption onto the silica column. The ethanol was 
removed by vacuum distillation and the polymer precipitated into hexane to remove residual monomers. 
ARGET ATRP: in a typical experiment, to target a DP of 100, MEBr (215 mg, mmol), HEMA (10 g, mmol) 
and TMSPMA (0 – 0.952 g depending on target HEMA:TMSPMA mole ratio, H:T) were added to a baked 
100 mL round bottom flask, sealed with a septum. 30 mL anhydrous ethanol was added and degassed for 
20 min by bubbling through dry nitrogen gas. In a separate vial, 108 mg ascorbic acid was dissolved in 10 
mL anhydrous ethanol and degassed with nitrogen for 20 min. Copper(II) chloride (Cu(II)Cl, 10.3 mg) and 
bipy (60 mg) were dissolved in 5 mL anhydrous ethanol and 0.5 mL of this solution was syringed into the 
degassed monomer flask. To start the reaction, 5 mL of the ascorbic acid solution was syringed into the 
monomer flask which turned from pale green to yellow-brown, indicating that the Cu(II) had been reduced 
to Cu(I). The solutions were left to react for up to 24 h under slight positive pressure of nitrogen. 
FRP: AIBN (1 w/w% relative to total monomer) was dissolved in 5 mL anhydrous ethanol and degassed 
with nitrogen gas for 20 min. Once fully dissolved, the solution was transferred to a baked 250 mL round 
bottom flask alongside HEMA (10.0 g, 76.3 mmol), TMSPMA (0 – 0.952 g depending of the target H:T) and 
anhydrous ethanol to give a monomer concentration of 100 mg.mL
-1
. The flask was sealed with a rubber 
septum and degassed for 20 min with nitrogen gas. The flask was heated to 70 ºC using a paraffin bath to 
initiate the polymerisation by the thermal decomposition of AIBN. Pressure build up was released by 
pricking the septum with a needle at 45 and 65 ºC. The polymerisation was carried out for 48 h and was 
terminated by removing the flask from the paraffin bath and allowing it to cool down to room 
temperature. 
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ARGET ATRP and FRP polymers were used without purification as conversion was in excess of 98 % in each 
case. 
5.2.3 – Characterisation 
5.2.3.1 – Solution state NMR 
All 
1
H NMR spectra except HEMA transesterification kinetics experiments were recorded in methanol-d4 
using a Bruker AV-400 spectrometer operating at 400 MHz. The spectra were referenced to the methanol 
solvent signal with respect to TMS at δ 
1
H 3.34 ppm. Transesterification kinetics experiments were carried 
out in methanol-d4, ethanol-d6, or isopropanol-d8 using a Bruker AV-500 spectrometer operating at 500 
MHz. To determine the extent of conversion from monomer to polymer over time aliquots of 0.02 mL 
were taken at certain timepoints from the reacting polymer solutions by syringe and diluted with 0.6 mL 
deuterated methanol (99.99 % deuteration degree) in NMR tubes. The 
1
H NMR spectra of the samples 
were immediately recorded using a Bruker AV-400 instrument operating at 400 MHz. From the NMR 
spectra, the extent of conversion was determined using Mestrenova 7 software by calculating the integral 
of the two monomer vinyl peaks (δ
 1
H 5.50 – 6.20 ppm) and comparing it to the integral of the 
oxyethylene protons of HEMA residues (δ
 1
H 3.70 – 4.20 ppm). Similarly, the DP was calculated by 
comparing the six protons of MEBr (δ
 1
H 2.5 – 2.70 ppm) with the four oxyethylene HEMA protons (δ
 1
H 
3.70 – 4.20 ppm). From the extent of reaction and remaining vinyl protons the concentration of 
monomers in solution was calculated to give a kinetics plot that was used to establish whether the 
reaction was controlled or not. 
5.2.3.2 – Gel permeation chromatography (GPC) 
GPC measures the molecular weight of polymers and their polydispersities by separating the individual 
chains based on their ability to flow through a chromatography column. High molecular weight polymers, 
or those with a large hydrodynamic radius, pass through the column more rapidly than those with a low 
molecular weight and hence are detected first. The detectors are set up in a triple detection format so 
that the viscosity, light scattering and refractive index of the eluting solutions is measured. In contrast to 
conventional calibration, where only a single detection method is used and hence requires the creation of 
a calibration curve, only a single calibration standard is required as long as the concentration of the 
samples is known. For GPC analysis, ATRP and ARGET ATRP polymers were first purified to remove Cu(II) 
by running through silica columns. All polymers were then dried by vacuum distillation and held under 
vacuum for a further hour to remove all traces of solvent. The polymers were dissolved in DMF with 10 
µM LiBr, to give a polymer concentration of 4 mg.mL-1. 1 mL solutions were filtered through 
polytetrafluoroethylene (PTFE) filters with 0.45 µm pores into GPC vials and run immediately on a Malvern 
TDA 305 instrument with DMF (0.075 % LiBr) as the elutant at a rate of 0.7 mL.min
-1
 and calibrated against 
a pMMA standard (65 kDa and Mw/Mn of 1.10 Malvern). Mw, Mn and Mw/Mn values were calculated using 
Omnisec 4.7.0 Software and a fixed dn/dc of 0.063. 
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5.2.4 – Investigation of transesterification 
5.2.4.1 – NMR kinetics experiments 
Kinetics experiments were carried out in situ under ATRP conditions at room temperature. To prepare 
these reactions, HEMA (0.932 g, 7.16 mmol) was degassed with nitrogen for 30 min while simultaneously 
degassing 2 mL methanol-d4/ethanol-d6/isopropanol-d8 with nitrogen gas for 30 min. Cu(I)Cl (23.3 mg, 
0.235 mmol)  and bipy (92.6 mg, 0.592 mmol) were added to the degassed solvent, turning the solution 
dark brown. The brown solvent/catalyst solution was added to degassed HEMA and 0.7 mL was 
transferred to an NMR tube and the first spectra taken immediately on a Bruker AV-500 instrument. 
Subsequent spectra were taken every 30 min up to 24 hours. Each spectra consisted of a single scan to 
reduce errors associated with passing time and to prevent spinning side bands, samples were not spun. 
The kinetics experiment of methacryloyloxyethyl phosphorylcholine (MPC) transesterification was carried 
out by degassing MPC (529 mg, 1.79 mmol) and 0.5 mL methanol-d4 with nitrogen gas for 30 min. Cu(I)Cl 
(5.9 mg, 0.060 mmol)  and bipy (23.3 mg, 0.149 mmol) were added to the degassed solution. Aliquots of 
0.02 mL were taken at 0, 3, 6, 9, 12 and 24 h and diluted in 0.6 mL methanol-d4 in NMR tubes. 
1
H NMR 
spectra were measured using a Bruker AV-400 instrument. 
5.2.4.2 – Preparation of reference and reacted samples for solution state NMR 
Reference spectra of the initial HEMA monomer, ethylene glycol (EG), MMA, EGDMA, oligo(ethylene 
glycol) methyl ether methacrylate (OEGMA) monomer, and MPC monomer were measured in methanol-d4 
using a Bruker AV-400 instrument. Spectra were also measured in the presence of Cu(I)Cl and bipy. For 
HEMA, EG, EGDMA and OEGMA, monomer or by-product (3.56 mmol) and 1 mL methanol-d4 was 
degassed with nitrogen for 30 min. Cu(I)Cl (11.8 mg, 0.119 mmol) and bipy (46.3 mg, 0.296 mmol) were 
added to the degassed solution and stirred for 24 h. At 0 h and 24 h, an aliquot of 0.02 mL was taken from 
the solution and diluted with 0.6 mL methanol-d4 in an NMR tube. The diluted sample was scanned with a 
Bruker AV-400 instrument operating at 400 MHz. 
Investigation of the effect of temperature was carried out by degassing separately 2 mL methanol-d4 and 
HEMA (0.932 g, 7.16 mmol) with nitrogen for 30 min. The methanol was heated to and maintained at 50 
ºC in an oil bath. Cu(I)Cl (23.3 mg, 0.235 mmol)  and bipy (92.6 mg, 0.592 mmol) were added to the 
degassed solvent, turning the solution dark brown.  The degassed HEMA was added to the 
solvent/catalyst solution and stirred for 24 hr. Aliquots of 0.02 mL were taken after 0, 1, 3, 6 and 24 h and 
diluted in 0.7 mL methanol-d4 in NMR tubes. 
1
H NMR spectra were taken on a Bruker AV-400 instrument 
operating at 400 MHz. 
The effect of catalyst concentration on MMA formation was carried out by degassing separately two 
batches of 2 mL methanol-d4 and HEMA (0.932 g, 7.16 mmol) with nitrogen for 30 min. Cu(I)Cl (11.7 mg, 
0.118 mmol or 0.2 mg, 0.002 mmol)  and bipy (46.3 mg, 0.296 mmol or 0.9 mg, 0.006 mmol) were added 
to the degassed solvent, turning the solution dark brown.  The degassed HEMA was added to the 
solvent/catalyst solution and stirred for 24 hr. Aliquots of 0.02 mL were taken after 0, 1, 3, 6 and 24 h and 
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diluted in 0.7 mL methanol-d4 in NMR tubes. 
1
H NMR spectra were taken on a Bruker AV-400 instrument 
operating at 400 MHz. 
5.3 – Results and discussion 
The synthesis of pHEMA-TMSPMA would provide a hydrophilic polymer which is likely to be biocompatible 
and contains pre-formed silane coupling groups. Use of controlled polymerisation techniques would limit 
batch-to-batch variations. However, there have previously been no reports of the controlled synthesis of 
this polymer. It was therefore important to study the polymerisation and establish the viability of ATRP as 
a technique to produce this polymer for use in hybrids for bioactive scaffolds. 
5.3.1 – Transesterification 
As a control experiment, the ATRP of HEMA in methanol was first carried out at room temperature 
without the addition of ATRP initiator, MEBr. As expected, no polymerisation was observed by 
1
H NMR 
within 24 h, however, the vinyl proton peaks had split into 3, suggesting that there were now multiple 
monomers present in the reaction solution, likely due to transesterification with the reaction solvent and 
with other HEMA monomer units (Figure 5.1), catalysed by the copper catalyst.  
 
FIGURE 5.1 – SCHEMATIC OF VARIOUS SUCCESSIVE SIDE REACTIONS OF HEMA WITH ALCOHOLIC SOLVENTS UNDER 
STANDARD ALCOHOLIC ATRP CONDITIONS 
In 2002, Bories-Azeau and Armes reported the unexpected transesterification of tertiary amine 
methacrylates to produce methyl methacrylate (MMA) as a by-product during methanolic ATRP 
155
. They 
concluded that this side-reaction was catalysed by the basicity of the amine. They also demonstrated that 
the use of more sterically hindered alcohols, such as isopropanol, minimised this undesirable side 
reaction. Transesterification of the non-basic monomer Me-DMA has also been confirmed 
156
. Although, in 
this case, the transesterification of Me-DMA with methanol was catalysed by Cu(I)Br/bipy as shown by the 
increase of MMA conversion after 4 h from 1 % to 35 % when the catalyst was added. Longenecker et al. 
commented that transesterification of HEMA occurred during methanolic ATRP and demonstrated that 
this reaction could be minimized by using more sterically hindered alcohols but presented no quantitative 
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data of this process 
157
. It is understood that there are no other reports of transesterification in non-amine 
containing methacrylates. There does, however, appear to be a preference of some groups to use 




FIGURE 5.2 – A) 
1
H NMR KINETICS PLOTS OF HEMA TRANSESTERIFICATION IN METHANOL-D4 B) VINYL REGION OF 
THE 
1
H NMR SPECTRA SHOWING THE SPLITTING OF THE VINYL PROTON PEAKS TO FORM MMA FROM HEMA BY 
TRANSESTERIFICATION WITH METHANOL. NOTE THE PEAK CORRESPONDING TO EGDMA (B”) AT 6.11 PPM WHICH 
BECOMES OBSCURED BEHIND THE MMA PEAK (B’) AT 6.09 PPM AFTER 6 H 
 
FIGURE 5.3 – A) 
1
H NMR KINETICS PLOT OF HEMA TRANSESTERIFICATION IN ETHANOL-D6 B) VINYL REGION OF THE 
1
H NMR SPECTRA SHOWING THE PROGRESSIVE SPLITTING OF THE TWO VINYL PROTONS AS THE ETHYL METHACRYLATE 
(B’ AND C’ AT 6.04 PPM AND 5.56 PPM) AND EGDMA (B” AND C” AT 6.07 PPM AND 5.59 PPM) ARE FORMED 
FROM HEMA 
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FIGURE 5.4 – 
1
H NMR KINETICS PLOT OF HEMA TRANSESTERIFICATION IN ISOPROPANOL-D8 
 
FIGURE 5.5 - A) MOLAR INCORPORATION OF TRANSESTERIFICATION MONOMER BY-PRODUCT IN ALCOHOLIC SOLVENTS 
UNDER ATRP CONDITIONS AND B) MOLAR INCORPORATION OF EGDMA BY-PRODUCT IN ALCOHOLIC SOLVENTS 
UNDER ATRP CONDITIONS 
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FIGURE 5.6 – KINETICS OF HEMA TRANSFORMATION UNDER STANDARD, NORMALIZED, COPPER/BIPY-CATALYSED 
ATRP CONDITIONS IN THE PRESENCE METHANOL-D4, ETHANOL-D6 AND ISOPROPANOL-D8 
To investigate this side reaction further, the HEMA composition was monitored via in situ 
1
H NMR kinetics 
experiments in d4-methanol under ATRP conditions at room temperature, although without the addition 
of initiator in order to prevent polymerisation. A monomer concentration of 50 w/v % was employed and 
Cu(I)/bipy catalyst system was used at a concentration consistent with achieving a target degree of 
polymerization of 30. These reaction conditions may mimic ATRPs prior to initiation and may, for example, 
represent side reactions that occur during a degassing (‘nitrogen purge’) step. Analysis of successive 
spectra (see Figure 5.2) confirmed that satellite vinyl peaks between δ
 1
H 5.50 and 6.20 ppm and 
methylene protons adjacent to the vinyl groups at δ 
1
H 1.90 ppm emerged within the timescale of 
recording the first NMR spectrum (<2 min). These were assigned to the transesterification by-product, 
MMA monomer, (see Figure 5.1 and reference spectra in Appendix 1). The spectra also revealed a 
progressive increase in ethylene glycol transesterification by-product peaks at δ 3.60 ppm. The rate of 
transesterification of HEMA in methanol is shown in Figure 5.5a. Transformation of HEMA to MMA was 46 
mole % after 24 h. Although this timescale exceeded that required for conventional HEMA ATRP under 
these conditions (3-4 h for 95 % conversion 
143
). Given that 20 mole % transesterification was observed 
within 2.5 h it is likely that a substantial proportion of polyHEMA homopolymers synthesized under these 
conditions comprise a significant MMA comonomer content. More importantly, implications for slower 
methanolic ATRP reactions are substantial. For example, surface-initiated and branching polymerizations – 
each of which often require greater than 48 h reaction times 
150
 – may be affected by significant degrees 
of statistical MMA incorporation within the polymer chains. As previous reports suggested that the use of 
higher alcohols reduce the rate of transesterification the experiment was repeated with ethanol and 
isopropanol in order to determine if they would provide a more appropriate reaction solvent. The kinetics 
of transesterification of HEMA with both ethanol and isopropanol was investigated by 
1
H NMR under 
identical conditions (see Figures 5.3 and 5.4). The product of HEMA transesterification with ethanol and 
isopropanol is ethyl methacrylate and isopropyl methacrylate, respectively (Figure 5.1). As expected, these 
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more sterically congested solvents induced slower degrees of transesterification 
155, 157
. While 54 mole % 
HEMA remained unreacted in the methanol after 24 h, the remaining HEMA content exceeded 90 mole % 
for both ethanol and isopropanol solution (see Figure 5.5). Within 5 h, appropriate for ATRP, only 4 mole 
% and <1 mole % transesterification of HEMA was observed for ethanol and isopropanol respectively, in 
comparison with 22 mole % transesterification observed in methanol. No transesterification was observed 
in isopropanol until 9 h, which implies that incorporation of isopropyl methacrylate within HEMA polymers 
synthesized in this solvent is likely to be negligible.  
Unexpectedly, in addition to MMA and ethylene glycol formation, an additional transesterification by-
product was observed. Further peaks developed at δ
 1
H 4.37 ppm, satellite to each vinyl peak (b and c, 
Figure 5.1) and the methylene peak at δ
 1
H 1.90 ppm split into three suggesting this third by-product was 
also a methacrylate. These additional peaks were identified as EGDMA, which is formed via the homo-
transesterification of two HEMA monomers (see Figure 5.1 and reference spectra in Appendix 1). In 
contrast to the presence of MMA – which would effectively produce statistical copolymers of MMA (i.e., a 
compositional drift), the presence of EGDMA would induce an architectural deviation due to incorporation 
of difunctional methacrylate monomers. EGDMA has been shown to be an effective branching monomer 
for the preparation of branched copolymers via ATRP 
210, 211





. EGDMA formation was quantified by 
1
H NMR and plotted as a function of time in Figure 5.5b. 
In contrast to the relative rates of transesterification for reactions between HEMA and alcohol, the 
formation of EGDMA proceeded more rapidly in isopropanol, than ethanol than methanol. After 24 h the 
degree of EGDMA formation was 7 mole %, 5 mole % and 2 mole % for isopropanol, ethanol and methanol 
respectively. This ‘reverse’ trend is attributed to two factors. Firstly, since the transesterification reaction 
between isopropanol and HEMA is slow, there are higher concentrations of HEMA present at any time 
during the isopropanol reactions than in ethanol or methanol. This increases the likelihood of bimolecular 
HEMA transesterification reactions occurring. Secondly, the EGDMA bifunctional monomer is capable of 
undergoing a second transesterification reaction with solvent to produce the corresponding alkyl 
methacrylate and regeneration of HEMA monomer (Figure 5.1): It has already been shown that the steric 
bulk of isopropanol causes the reverse reaction to be negligible. In other words, the formation of EGDMA 
in isopropanol – a reaction that does not involve isopropanol – is substantially faster than the second-
stage transesterification with isopropanol. Thus while isopropanol may be a suitable solvent for 
minimizing the formation of the non-functional alkyl methacrylate by-product during ATRP, the levels of 
EGDMA formed may induce significant branching or cross-linking during polymerization. The EGDMA 
concentration appears to plateau after around 7.5 h at this catalyst concentration for reactions observed 
in methanol. Presumably the rate of EGDMA formation via bimolecular HEMA transesterification is equal 
to the rate of transesterification of EGDMA by methanol hence establishing a steady state in terms of 
EGDMA concentration. 
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5.3.1.2 – Effect of temperature  
 
FIGURE 5.7 – KINETICS PLOT OF HEMA TRANSESTERIFICATION AT ROOM TEMPERATURE AND AT 50 °C SHOWING A 
SUBSTANTIAL INCREASE IN MMA FORMATION AT ELEVATED TEMPERATURES 
Although alcoholic ATRP is typically carried out at room temperature, the effect of increasing the 
temperature to 50 ºC on the rate of transesterification of HEMA with methanol was briefly investigated 
(see Figure 5.7). There was a substantial increase in MMA with 71 mole % formed within 24 h. On the 
basis of these results, after even a short timescale, the degree of MMA incorporated into polymers would 
be substantial and to avoid significant compositional drift it is highly recommend to avoid elevated 
temperatures. 
5.3.1.3 – Transesterification in other monomer systems 
 
FIGURE 5.8 – 
1
H NMR SPECTRA SHOWING THE TRANSESTERIFICATION OF OLIGO(ETHYLENE GLYCOL) METHYL ETHER 
METHACRYLATE (MN = 300) IN METHANOL-D4. SPLITTING OF VINYL PEAKS B AND C IS OBSERVED AT THE RATE OF 7 
MOLE % MMA FORMED AFTER 24 H 
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FIGURE 5.9 – 
1
H NMR SPECTRA OF MPC IN METHANOL-D4 WITH CU(I)CL/BIPY CATALYST AT A) 24 H AND B) 0 H. 
THE SPLITTING OF THE VINYL PEAKS SHOWS FORMATION OF 34 MOLE % MMA AFTER 24 H. NOTE ADDITIONAL SIDE 
REACTIONS 
 
FIGURE 5.10 – A) VINYL REGION OF 
1
H NMR SPECTRA SHOWING MPC TRANSESTERIFICATION IN METHANOL-D4. B) 
KINETICS PLOT OF MPC METHACRYLATE SIDE-PRODUCT UP TO 24 H IN METHANOL-D4 AS CALCULATED FROM THE 
RELATIVE PEAK AREAS IN A) 
As an aside, the side reactions in methanol of some other polar methacrylates were investigated, 
candidates included commonly polymerized via alcoholic ATRP and containing neither a tertiary amine nor 
terminal hydroxyl group. OEGMA, (Mn = 300 g.mol
-1
) is often used in the synthesis of polymers for 
potential biological use. It was observed that 7 mole % OEGMA transesterification had occurred within 24 
h (Figure 5.8). Although substantially lower than for HEMA, presumably due in part to the increase in 
monomer steric bulk, it remains significant in terms of the potential compositional drift of the final 
polymer and particularly its effect on water-solubility. No formation of EGDMA occurred, perhaps due to 
the absence of hydroxyl terminus or due to steric hindrance. 2-Methacryloyloxyethyl phosphorylcholine 
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(MPC) is a monomer amenable to ATRP 
158, 208
 that mimics the phospholipids found in cell membranes and 
has broad potential uses in bioengineering applications. While the non-methacrylate transesterification 
by-products of this monomer appeared to be more complex than Figure 5.1 indicates, 34 mole % MMA 
was observed after 24 h (Figures 5.9 and 5.10). Given the high cost of this functional monomer, 
transesterification and the associated formation of non-functional, hydrophobic MMA monomer, is both 
inefficient and highly undesirable. 
5.3.1.4 – Transesterification mechanism 
 
FIGURE 5.11 – KINETICS PLOT OF MMA FORMATION IN METHANOL SOLUTION WITH HEMA AND DIFFERENT 
CONCENTRATIONS OF CU(I)CL/BIPY CATALYST CONCENTRATION. A REDUCTION IN THE RATE OF TRANSESTERIFICATION 
IS OBSERVED AS THE COPPER CONCENTRATION REDUCES, SUGGESTING ATRP TECHNIQUES SUCH AS ARGET ATRP 
MAY SHOW NEGLIGIBLE MMA FORMATION WITHIN TYPICAL ATRP TIMESCALES 
A full investigation of the transesterification mechanism is beyond the scope of this thesis. However, it is 
clear that the reaction is copper-catalysed, since no transesterification of HEMA by methanol occurred in 
the absence of the catalyst within 24 h. Halving the concentration of copper catalyst in the methanol 
solution reduced the rate of transesterification to 18 mole % and 36 mole % MMA after 6 h and 24 h 
respectively. Reducing the concentration by a factor of 100 to 328 ppm (mole ratio with respect to HEMA 
and similar to that used in ARGET ATRP) there was a further reduction in rate (see Figure 5.11 for kinetics 
plots). At this catalyst concentration, the amount of MMA in solution after 24 h was relatively high at 11 
mole %, but for shorter timescales of up to 3 hours only 2 mole % MMA is formed. This suggests that the 
degree of transesterification observed during new ATRP techniques such as ARGET ATRP, where the 
concentration of copper catalyst can be reduced to 50 ppm (molar ratio with respect to HEMA) 
74
, may be 
negligible ensuring long reaction times are not employed. As discussed previously, Li et al. also observed a 
34 mole % increase in transesterification of Me-DMA in methanol/water mixtures when the copper 
catalyst was added 
156
 and Munro-Leighton et al. observed that the transesterification of acrylates in 
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ethanol was catalysed by copper complexes, although their study did not employ typical ATRP conditions 
215
. They proposed that the mechanism involved activation of the carbonyl group of the acrylate ester by 
copper catalyst complexation. This would increase electrophilicity and promote nucleophilic addition, 
isomerization and bond cleavage. A detailed investigation of the mechanism is beyond the scope of this 
thesis, however 
1
H NMR revealed that the ethylene protons α to the HEMA hydroxyl end-group became 
substantially broadened in the presence of the Cu(I)/bipy catalyst (peak e in Figure 5.1 and Figure 5.12) 
perhaps due to complexation between the terminal hydroxyl and copper. Although this hydroxyl-copper 
complexation would not be expected to activate the monomer for transesterification, it may lead to 
reduced catalytic efficiency during ATRP. MMA and ethylene glycol were also shown to complex with 
copper as evidenced by broadening of normally sharp singlets in the presence of this catalyst (See 
reference spectra in the appendix). This implies that it is not in fact the hydroxyl group complexation 
contributing to the broadening. Further work would be required to establish the exact molecular 
arrangement. It was confirmed that copper caused the broadening by analysing the spectra following 
removal of the copper catalyst from the reaction solution using three cycles of silica column 
chromatography. The resulting NMR spectrum showed the re-emergence of a sharp multiplet at δ
 1
H 3.80 
ppm following removal of the catalyst to match the original HEMA spectrum. 
 
FIGURE 5.12 – 
1
H NMR SPECTRA OF HEMA IN METHANOL-D4 IN THE PRESENCE AND ABSENCE OF CU(I)CL/BIPY 
CATALYST. SPECTRA WERE RECORDED WITHIN 15 MIN OF ADDING CATALYST, AND AFTER REMOVAL OF THE COPPER 
CATALYST BY RUNNING THE SOLUTION THROUGH A SILICA COLUMN THREE TIMES. BROADENING OF PEAKS IN B) WERE 
OBSERVED IN THE PRESENCE OF THE CATALYST WHICH RETURNED TO THEIR SHARP PEAKS ONCE THE CATALYST IS 
REMOVED A) SUGGESTING CATALYST-HEMA COORDINATION 
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5.3.2 – Synthesis of pHEMA-TMSPMA 
Based on the results of these transesterification experiments, it is clear that conventional ATRP in both 
methanol and isopropanol should be avoided to minimise compositional drift and the introduction of 
branching. For this reason, ATRP was carried out in ethanol at room temperature and the conversion of 
monomer to polymer was followed by 
1
H NMR (Illustrative spectra in Figure 5.13). The area of the vinyl 
peaks (bm and cm) between δ
 1
H 5.50 and 6.20 ppm was monitored relative to the peaks between δ
1
H 1.50 
and 2.33, corresponding to methylene protons of the monomer adjacent to the vinyl group (am) and newly 
formed CH2 of the polymer (bp). From this, the % conversion was calculated. The distinct initiator peaks 
were used to calculate the DP, an indication of how many monomer units are in each chain and an 
estimate for molecular weight. The value of ln([M]0/[M]) was also calculated from the NMR spectra, 
where [M] is the concentration of monomers at a given time point and [M]0 is the concentration of 
monomers at 0 min. Plotting this against time gave an indication as to whether the polymerisation was 
controlled or not. A controlled reaction would have a linear increase of ln([M]0/[M]) indicating that the 
number of propagating radicals remains constant with no termination, chain transfer reactions or auto-
acceleration occurring. 
 
FIGURE 5.13 - 
1
H NMR SPECTRA OF ATRP POLYMERISATION OF HEMA IN ETHANOL AFTER 120 MIN REACTION 
From the NMR spectra, it was calculated that 98 % conversion was reached within 5 h (Figure 5.14a) with 
a DP of 19. This is slightly lower than the targeted DP value of 30, chosen because previous literature 
showed that low molecular weight pHEMA was water soluble 
119
. The kinetic plot of ln([M]0/[M]) showed 
first order kinetics up to 5 h, where maximum conversion was achieved, indicating a controlled 
polymerisation (Figure 5.14b). This means that there were no significant termination reactions and that 
switching the polymerisation solvent from methanol to ethanol had no significant effect on the control of 
the polymerisation.  
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FIGURE 5.14 – A) CONVERSION AND DP AND B) THE CHANGE OF MONOMER CONCENTRATION DURING ATRP OF 
PHEMA IN ETHANOL WITH MEBR INITIATOR 
In order to form type II hybrids, TMSPMA was introduced to produce a statistical copolymer. It was 
important to use completely dry glassware, baked overnight in an oven, dry nitrogen and anhydrous 
solvents as even the water in the atmosphere was enough to cause the methoxysilane groups to hydrolyse 
and subsequently condense, leading to macroscopic gelation within 8 h. In addition to the problem of 
transesterification, previously described in detail 203, the copper catalyst must be removed to limit 
potentially toxic effects in vivo. Removal of copper is a non-trivial task and a serious limitation for the 
commercialisation of ATRP. The favoured technique is to use multiple runs through silica or alumina 
columns, followed by precipitation into hexanes 154. It was found that this was not suitable for this system 
since this allowed for water in the atmosphere to hydrolyse and condense the methoxysilane groups 
during the extensive purification process. The recovery from the columns was very low and, after 
precipitation, the polymers could not be redissolved. Hence, an alternative polymerisation system needed 
to be explored. 
One such system is an adaptation of ATRP, ARGET ATRP which incorporates a reducing agent such as 
ascorbic acid to convert inactive Cu(II), formed by unavoidable termination reactions, back to active Cu(I) 
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(Figure 5.15). This reduces the amount of catalyst required to ensure polymerisation continues up to high 
conversions. Concentrations can be reduced from tens of thousands of ppm down to 50 ppm, which not 
only reduces the potential toxicity of the polymer, but also the cost due to expensive metal catalysts. The 
concentration is similar to that which can be achieved by purification using columns and precipitation 
methods 154 and so means that purification steps are unnecessary. In fact, recently a number of reports 
state that copper stimulates angiogenesis and osteogenesis in vivo and in vitro when incorporated into 
calcium phosphate tissue engineering scaffolds 151-153. 
 
 
FIGURE 5.15 – ARGET ATRP OF PHEMA-TMSPMA 
The ARGET ATRP of  homo-polymer HEMA in ethanol at room temperature with ascorbic acid as the 
reducing agent, targeting a DP of 30, was followed by 1H NMR. The reaction was slightly slower than 
conventional ATRP with 94 % conversion after 8 h. However, 99 % conversion was reached after 24 h. This 
is likely due to a concentration effect as the total volume of solvent had to be increased in order to fully 
dissolve the ascorbic acid which is only slightly soluble in ethanol. Repeating the conventional ATRP at an 
equivalent concentration gave a conversion of 40 % after 8 h and 77 % after 24 h, confirming that this was 
the same. The DP of the ARGET ATRP polymerisation increased steadily up to a value of 38 after 3 h. 
However, after this point, the rate of DP increased rapidly accelerated so that a DP of 5519 was reached 
within 24 h. The kinetic plot showed non first order behaviour, indicating an uncontrolled polymerisation. 
Increasing the target DP to 100, unsurprisingly, increased the time to reach high levels of conversion, with 
only 68 % conversion after 8 h and 97 % by 24 h. Unlike the polymerisation targeting a DP of 30, the DP 
increased steadily with no rapid increase observed, presumably because the concentration of radicals is 
reduced in order to target a high DP meaning that termination occurs less rapidly. The kinetic plot 
confirmed that this reaction exhibited first order behaviour up to 8 h. 
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FIGURE 5.16 – COMPARISON OF A) THE CONVERSION B) MONOMER CONCENTRATION OF PHEMA BY ARGET ATRP 
IN ETHANOL WITH DP VALUES OF 30 AND 100 
 
FIGURE 5.17 – REFRACTIVE INDEX (RI) SIGNALS FROM TRIPLE DETECTION GPC OF ARGET AND CONVENTIONAL 
ATRP PHEMA POLYMERS WITH A TARGET DP OF 100 
Gel permeation chromatography (GPC) was used to measure the molecular weight of the final polymers 
after 24 h reaction (Figure 5.17). The values of Mn and Mw were calculated to give an indication of 
molecular weight and Mw/Mn was calculated to determine the molecular weight distribution. For 
conventional ATRP polymers targeting a DP of 100 (Predicted Mn of around 13 kDa), the Mn and Mw were 
9 kDa and 12 kDa respectively. Using end group analysis by NMR to calculate the DP, the Mn was predicted 
to be around 4 kDa. The discrepancy between the GPC and the end group analysis may be due to the 
difference in hydrodynamic volume of the pMMA standards used and that of the HEMA polymer. This 
would affect the speed at which the polymers are eluted so that a MMA polymer of a specific molecular 
weight would not be eluted at the same speed as a HEMA polymer of the same molecular weight. 
Paterson et al. predict that the use of pMMA standards overestimates the molecular weight of pHEMA by 
a factor of 3. This is supported by this work where there is a factor of 2.5 increase in the Mn predicted by 
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GPC over end group analysis. The Mw/Mn was 1.3 confirming that the polymerisation was controlled, even 
when ethanol is used as a solvent and high degrees of conversion and DP are targeted. 
The ARGET ATRP polymers eluted more rapidly than the conventional ATRP polymers and showed a 
molecular weight distribution that was considerably broader, with a low molecular weight shoulder 
indicative of termination by combination. The values of Mn and Mw were 67 kDa and 227 kDa respectively 
with an Mw/Mn of 3.4 showing that there was a considerable loss of control with this polymerisation 
technique. 1H NMR predicted a Mn of 11 kDa, close to the targeted molecular weight of 13 kDa but 6 times 
smaller than that observed by GPC. Mw/Mn values in excess of 2-3 normally indicate significant branching 
of the polymer chains. 
Paterson et al. recently reported the ARGET ATRP of pHEMA in methanol and used hydrazine and ascorbic 
acid as reducing agents 74. They explored various different experimental conditions but found that the rate 
of reaction and the Mw/Mn increased as the ratio of ascorbic acid to catalyst increased. They also found 
that there was a critical amount of ascorbic acid required to allow polymerisation to reach high 
conversions. The authors proposed that ascorbic acid was too strong a reducing agent for ARGET ATRP, 
leading to a shift in the ATRP equilibrium towards activated radicals, resulting in uncontrolled 
polymerisation. It is likely that in this work, the combination of excess ascorbic acid, long reaction times 
(Paterson targeted a DP of 30 and used reaction times of only 2 h to achieve low Mw/Mn values around 
1.4) resulted in poorly controlled polymerisations. 
Copolymers of HEMA-TMSPMA were also synthesised using ARGET ATRP in ethanol at room temperature. 
The rate of reaction for 100:1 H:T showed 88 % conversion within 8 h, somewhat slower than pure HEMA, 
but 99.8 % conversion occurred within 24 h. The final DP was 211, over twice that targeted, but it 
increased steadily with first order kinetics observed in the ln([M]0/[M]) vs. time plot. 
 
FIGURE 5.18 – A) CONVERSION AND DP AND B) THE CHANGE OF MONOMER CONCENTRATION DURING ATRP OF 
PHEMA-TMSPMA (100:1) IN ETHANOL WITH MEBR INITIATOR 
GPC showed very similar profiles for increasing TMSPMA content. H:T ratios greater than 100:2 were not 
tested due to fears that they might condense inside the GPC columns blocking the system. The shoulder of 
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low molecular weight polymers was again observed, indicating termination by combination. Table 5.1 
details the molecular weights and polydispersities of the polymers with different TMSPMA contents. The 
Mw/Mn increased as the TMSPMA content increased which may indicate that the polymers were 
increasingly branched, potentially due to condensation of silanol groups during the purification steps and 
analysis for GPC. Du and Chen reported the conventional ATRP of TMSPMA homopolymers, following the 
reaction with size exclusion chromatography (SEC) 
161
. They observed controlled polymerisation up to 80 
% conversion, at which point the Mw/Mn started to increase rapidly and a high molecular weight shoulder 
appeared, indicating radical termination by combination. Considering the high conversions reached in this 
work, it is highly likely that termination occurred in these samples, perhaps exacerbated by the 
incorporation of TMSPMA. The branching and condensation of these polymers with increasing TMSPMA 
may have considerable importance on the mechanical properties once incorporated into hybrids. A very 
highly branched polymer may not form interpenetrating networks with the silica, but instead isolated 
polymer-rich regions where the polymer is closely packed rather than extended. This will mean that the 
polymer will not contribute to the toughness of the hybrid, instead weakening the material by disrupting 
the silica network or providing weak interfaces between the components. 
 
FIGURE 5.19 – RI SIGNALS FROM TRIPLE DETECTION GPC OF ARGET ATRP POLYMERS WITH H:T OF 100:0, 100:1, 
AND 100:2 
TABLE 5.1 – TABLE OF MOLECULAR WEIGHTS AND MOLECULAR WEIGHT DISTRIBUTIONS OF ARGET ATRP POLYMERS 






100:0 67 227 3.4 
100:1 52 325 6.2 
100:2 53 435 8.2 
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Due to the difficulty in purification of the polymers without allowing them to condense, it would be 
impractical to stop the reaction at low conversions, remove the potentially toxic monomers via 
precipitation and then re-dissolve the polymers for introduction into the sol-gel process. Considering this, 
it may be simpler and more cost effective to use an uncontrolled polymerisation technique such as simple 
FRP which contains no copper and hence would not require any purification assuming high conversions 
are reached. 
 
FIGURE 5.20 – RI SIGNALS FROM TRIPLE DETECTION GPC OF FRP POLYMERS WITH H:T OF 100:0, 100:1, AND 
100:2 
TABLE 5.2 – TABLE OF MOLECULAR WEIGHTS AND MOLECULAR WEIGHT DISTRIBUTIONS OF FRP POLYMERS AS 






100:0 33 111 3.3 
100:1 41 168 4.1 
100:2 57 505 8.9 
 
FRP polymers were synthesised with H:T of 100:0, 100:1, 100:2 and 100:5. 
1
H NMR showed that 
conversion was in excess of 98 % in all cases, meaning that no purification was required to remove 
unreacted monomers prior to use. GPC showed that the Mw/Mn were similar, if not lower, than those 
observed in the equivalent ARGET ATRP copolymers. However, they were all still above 3 which means 
that a small degree of branching must have occurred. Introducing TMSPMA increased this value with the 
Mw/Mn doubling from 100:1 to 100:2 H:T. It is not known if this is due to partial condensation during the 
GPC analysis or a reduction in the control of the polymerisation. Besides the lack of control over targeted 
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molecular weight and distribution, the main limitation of FRP of methacrylates is that they are typically 
non-degradable high molecular weight polymers. The number average molecular weights, Mn increase by 
10 kDa with each increase in TMSPMA. Although the Mn of the 100:0 and 100:1 FRP polymers are slightly 
lower than the equivalent ARGET polymers, by the time 100:2 H:T is reached, the Mn values are very 
similar in the two polymerisation techniques.  
One of the advantages of ATRP over FRP is that degradable groups can be introduced into the polymer 
simply by using specially designed bifunctional initiators (Figure 5.21). 
 
FIGURE 5.21 – DEGRADABLE PHEMA-TMSPMA SYNTHESISED BY SELECTION OF A DEGRADABLE ATRP INITIATOR 
The polymerisation of HEMA by ARGET ATRP was carried out in ethanol using two different degradable 
initiators, based on a bifunctional ester and on a bifunctional thiol. The target DP was 30, however, since 
the polymerisation occurred from both functional ends of the initiator the total number of monomers 
targeted to make up the polymer chain was 60 and the predicted molecular weight was 7.8 kDa. In both 
cases, the polymerisation did not continue past 44 and 34 % conversion in 24 h for the ester and thiol 
respectively. When conventional ATRP was used however, the polymerisations went to complete 
conversion within 6 h and 4 h for the ester and thiol respectively. The kinetics plots showed first order 
behaviour for the conventional ATRP, indicating a controlled reaction.  
GPC traces gave Mn values slightly higher than those targeted and showed low polydispersity with Mw/Mn 
values of 1.5 for both the ester and thiol initiated polymers. The high level of control over the molecular 
weight and polydispersities of these polymers while enabling them to be degradable, shows that they may 
be suitable for use in biomaterials avoiding the batch-to-batch variation associated with natural polymers. 
However, the polymers require the use of conventional ATRP which means that the copper catalyst 
cannot be easily removed if TMSPMA is incorporated. The molecular weights are also too low to achieve 
good mechanical properties. An alternative method of producing high molecular weight degradable 
polymers containing silanol groups must be established that does not require considerable purification 
steps. 
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FIGURE 5.22 – CONVERSION OF PHEMA BY CONVENTIONAL ATRP AND ARGET ATRP IN ETHANOL WITH A) ESTER 
BASED AND B) THIOL BASED DEGRADABLE INITIATORS. MONOMER CONCENTRATION OF PHEMA REACTION 
SOLUTIONS WITH C) ESTER BASED AND D) THIOL BASED DEGRADABLE INITIATORS 
 
FIGURE 5.23 –RI SIGNALS FROM TRIPLE DETECTION GPC OF CONVENTIONAL ATRP PHEMA WITH ESTER, THIOL AND 
MEBR INITIATORS 
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TABLE 5.3 – TABLE OF MOLECULAR WEIGHTS AND MOLECULAR WEIGHT DISTRIBUTIONS OF ATRP PHEMA WITH 
ESTER AND THIOL BASED ATRP INITIATORS 





Ester 9 14 1.5 
Thiol 12 17 1.5 
5.4 – Summary 
In this chapter the aim was to synthesise pHEMA-TMSPMA polymers by a controlled polymerisation 
technique to reduce batch-to-batch variation inherent in natural polymers. ATRP was chosen since it could 
be readily applied to pHEMA and it had previously been reported to have good control over the molecular 
weight and narrow polydispersities.  However, early on, transesterification was identified as a side 
reaction between the monomer and the alcoholic solvent. So, the role of alcoholic solvents in copper-
catalysed ATRP of functional methacrylates was explored in order to identify an alternative synthesis 
route that would avoid these side reactions. The rate of HEMA transesterification in methanol and higher 
alcohols under ATRP conditions was quantified and it was discovered that previously unreported 
transesterification-based side reactions occurred between monomers as well as between monomer and 
solvent. The generic nature of the side reaction was demonstrated using other non-basic polar 
methacrylate monomers. The reactions altered both the composition and architecture of (meth)acrylate-
based (co)polymers synthesized using alcoholic ATRP, significant for a wide range of applications 
exploiting this technique. 
Increasing the steric hindrance of the solvent by switching the solvent system from methanol to 
isopropanol reduced the degree of transesterification. However, in the case of HEMA, switching the 
solvent to isopropanol increased the levels of EGDMA that built up in solution due to transesterification 
between monomer molecules. If incorporated into the propagating polymer chain, EGDMA induces 
branching or gel formation. Complexation of the monomers with the copper catalyst is proposed to aid 
transesterification. It is highly recommend that alcoholic solvents be treated with caution in copper-
catalysed ATRP – especially when hydroxylated monomers are employed. However, there is the possibility 
of using this side reaction as a viable strategy to incorporate labelled alcohols (i.e., radiolabelled or 
deuterated residues) within the polymer chains in situ. 
In order to avoid transesterification of HEMA during polymerisation, it was shown that the ATRP solvent 
system could be switched from methanol to ethanol to produce HEMA homopolymers without 
detrimentally affecting the narrow polydispersities. 
In addition to the problem of transesterification, the copper could not be removed from pHEMA-TMSPMA 
copolymers without causing the methoxysilane groups to become hydrolysed and condensed, preventing 
redissolution. To circumvent this, ARGET ATRP of pHEMA and pHEMA-TMSPMA was carried out which 
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reduced levels of copper so that purification was not required. The polymerisation of ARGET ATRP using 
ascorbic acid was uncontrolled beyond a relatively low % conversion so that the final polymers had a 
much higher molecular weight than that targeted with very wide polydispersities that increased with 
TMSPMA content. A low molecular weight shoulder was observed indicating that termination by 
combination occurred, supporting previous work 
74, 161
. A more simple technique of FRP was carried out to 
make similar polymers and, as expected, wide polydispersities and high molecular weights were achieved. 
Both the Mn, Mw and Mw/Mn increased as the TMSPMA content increased. It has not yet been confirmed if 
this effect was due to the formation of branches along the polymer chains during polymerisation or due to 
condensation of silanol groups to produce crosslinks either during polymerisation or while purifying. Since 
this technique does not require copper as a catalyst, no purification steps were necessary and hence, 
eliminated the problem of TMSPMA condensation prior to incorporation into the sol-gel process prior to 
incorporation into hybrids. 
Degradable polymers were synthesised by ATRP using bifunctional, degradable initiators. Polymers 
synthesised by ARGET ATRP did not go beyond 44 % conversion in 24 h, however, conventional ATRP led 
to high degrees of conversion within a few hours. The resulting polymers had narrow polydispersities with 
molecular weights close to those targeted. However, the problem of copper removal remains significant 
and degradable copolymers of HEMA and TMSPMA were not able to be produced without condensation 
of the silanol groups during purification. Without finding a cost effective and simple method of removing 
copper that does not expose the polymers to water this strategy is unlikely to become commercially 
viable. 
Chapter 8 will discuss a potential future strategy that may be more suitable than the one described here 
but beyond the scope of this thesis. In this work, the non-degradable pHEMA-TMSPMA discussed in this 
chapter will be incorporated into the sol-gel process to establish the suitability of this polymer as the 
organic component of type II hybrids for tissue regeneration materials. Chapter 6 will study hybrids 
fabricated with pHEMA-TMSPMA synthesised by ARGET ATRP and Chapter 7 will explore the incorporation 
of FRP polymers. 
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Chapter 6 – 
Synthesis of 
pHEMA hybrids 
Part I – ARGET 
ATRP polymers 
  
Image: Fracture surface of ARGET ATRP pHEMA-silica hybrid monoliths 
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6.1 – Introduction 
The previous chapter dealt with the polymerisation of pHEMA-TMSPMA via various techniques. In this 
chapter, the polymers synthesised by controlled polymerisation, ARGET ATRP are incorporated into sol-gel 
hybrids. The effect of incorporating copolymers with varying HEMA:TMSPMA mole ratios into hybrids to 
give a range of organic contents is investigated with particular focus on the reduction of brittle behaviour 
and on the control of degradation profiles. 
6.2 – Methods 
6.2.1 – Materials 
Polymers were prepared as described in the previous chapter with H:T of 100:0, 100:1, 100:2 and 100:5, 
were not purified and kept in solution until required to prevent hydrolysis and gelation. Unless stated, all 
other chemicals were purchased from Sigma Aldrich, UK and used as received. 
6.2.2 – Synthesis of hybrid monoliths 
Figure 6.1 shows a schematic for the synthesis of poly(HEMA-TMSPMA)/silica hybrids and Figure 6.2 
shows a schematic for the hypothesised structure of the hybrid. For 60 wt% organic hybrids with H:T 
(HEMA:TMSPMA mole ratio) of 100:2, 35 mL polymer solutions at a concentration of 280 mg.mL
-1
 in 
anhydrous ethanol were added to 24.9 mL TEOS that had been hydrolysed for 1 h with 2.69 mL HCl (2M) 
and 8.07 mL deionised water. The solutions were heated to 80 ºC for around 45 min to evaporate the 
ethanol. 30 mL deionised water was slowly added to replace the evaporating ethanol so that ultimately 
there was ~45 mL solution remaining. 3 mL of the sols were syringed into polystyrene moulds, sealed and 
allowed to gel. Gelation was considered to have occurred when the surface of the samples did not deviate 
from flat when turned 90 º. The gels were aged for 3 days at 40 ºC in an oven. The samples were then 
dried by loosening the lids of the moulds and left for 2-3 weeks in a 40 ºC oven until no further mass loss 
was observed. 
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FIGURE 6.1 – SCHEMATIC REPRESENTATION OF THE STEPS INVOLVED IN THE SYNTHESIS OF PHEMA-TMSPMA 
HYBRID MONOLITHS 
 
FIGURE 6.2 – SCHEMATIC OF THE PROPOSED STRUCTURE OF THE NEW PHEMA-TMSPMA HYBRID MATERIAL WITH 
POLYMERS SYNTHESISED BY ARGET ATRP 
6.2.3 – Synthesis of hybrid scaffolds 
Scaffolds were synthesised using a freeze drying technique similar to the study in Chapter 4. 35 mL of 280 
mg.mL-1 100:1 polymer in anhydrous ethanol was added to 24.9 mL TEOS previously hydrolysed for 1 h 
with 2.69 mL 2M HCl and 8.07 mL deionised water. The solution was heated to 80 ?C using a paraffin bath 
to boil off some ethanol. Deionised water was added to give three different concentrations of solutions: 
(a)? 30 mL deionised water to give a final polymer concentration of ~220 mg.mL-1 
(b)? 60 mL deionised water to give a final polymer concentration of ~130 mg.mL-1 
(c)? 120 mL deionised water to give a final polymer concentration of ~75 mg.mL-1 
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30 mL hybrid sols were syringed into PMP moulds and allowed to gel. The gels were aged for 3 days at 40 
ºC before freezing in liquid nitrogen for 10 min and drying in a Coolsafe 110-4 freeze drier for 5 days with a 




6.2.4 – Characterisation techniques 
6.2.4.1 – Mechanical properties 
Mechanical testing of the samples was carried out by carefully grinding down the sample ends until flat 
and parallel with a height of 8.5 mm and a diameter of 8.5 mm (detailed in Tables 6.1 and 6.2). 4 samples 
of each composition were tested under simple compression using a Zwick Roell Z010 with a load cell of 10 
kN and a strain rate of 1 mm.min
-1
, analysed using Test Xpert II software. Failure was considered to have 
occurred when cracks formed in the hybrid monolith and a sudden reduction in stress was observed. From 
this event, failure strain and stress were calculated. In some high organic samples, the monoliths yielded 
plastically before eventually failing. In these cases a yield point was determined where deviation from 
linear stress-strain was observed as well as the failure point. 
TABLE 6.1 – DIMENSIONS FOR HYBRID MONOLITHS WITH H:T OF 100:2 AND VARYING ORGANIC CONTENTS 
Composition 
/wt% organic 
Width /mm Height /mm Ratio Density /g.cm-3 
30 8.3 ± 0.5 10.3 ± 1.8 1.2 ± 0.2 0.65 ± 0.02 
60 8.5 ± 0.4 8.5 ± 3.0 1.0 ± 0.4 0.76 ± 0.04 
70 8.4 ± 0.1 8.7 ± 1.1 1.0 ± 0.1 0.70 ± 0.01 
 
TABLE 6.2 – DIMENSIONS FOR HYBRID MONOLITHS WITH ORGANIC CONTENT OF 60 WT% AND VARYING H:T 
Composition 
/H:T 
Width /mm Height /mm Ratio Density /g.cm-3 
100:0 9.0 ± 0.1 7.2 ± 2.5 0.8 ± 0.3 0.68 ± 0.01 
100:1 8.4 ± 0.3 6.6 ± 2.5 0.8 ± 0.3 0.68 ± 0.01 
100:2 8.5 ± 0.4 8.5 ± 3.0 1.0 ± 0.4 0.76 ± 0.04 
100:5 8.6 ± 0.6 8.7 ± 1.9 1.1 ± 0.2 0.81 ± 0.05 
 
6.2.4.2 – Chemical and structural characterisation 
In order to investigate the effect of H:T ratio on the inorganic network, 
29
Si MAS NMR was used to 
quantify the amount of the different silica species. Courtesy of Mr Frederik Romer at University of 
Warwick, one pulse 
29
Si MAS NMR spectra were acquired at a natural abundance on a 7.05 T 
Chemagnetics Infinity Plus spectrometer operating at 56.59 MHz. The samples were spun at 5 kHz using a 
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Bruker 7 mm HX double channel probe. A π/4 pulse length of 6 µs and a recycle time of 240 s were used. 
The spectra were referenced to TMS using a secondary reference kaolinite with a reference at δ
 29
Si -92 





 species. From this, the Dc was calculated using Equation 3.1. 
6.2.4.3 – Dissolution behaviour 
In order to study the rate of silica and polymer release of the samples under physiological conditions and 
the effect of changing H:T and organic content on monolith dissolution, a dissolution study in TRIS buffer 
solution with a molarity of 0.062 was prepared following a previous protocol 
216
 to maintain a pH of 7.3, 
typical of physiological conditions. Single monolith pieces of hybrids weighing 75 mg with organic 
compositions of 30, 50, 60 and 70 wt% and H:T of 100:0, 100:1, 100:2 and 100:5 were submerged in 50 mL 
TRIS buffer in 125 mL polyethylene containers. The solutions were sealed and agitated at 120 rpm and 37 
ºC in an orbital incubator shaker (Newbrunswick Scientific – Classic series C24). After 1, 2, 4, 8, 24, 72, 168 
and 336 h, 1 mL of solution was removed for analysis and replaced with fresh SBF. The aliquots were 
diluted with 9 mL 2M nitric acid and analysed by ICP-OES (Thermo Scientific iCAP 6300) to determine the 
Si and Cu concentration in solution. Each sample was repeated in triplicate. At the end of the study, the 
remaining solids were recovered by filtration, rinsed with deionised water and acetone and dried 
overnight at 40 ºC weighed and ground for further analysis by FTIR and XRD. 
In order to follow the polymer release from the hybrids, three further samples per composition were 
submerged in TRIS buffer at a mass:solution ratio of 75 mg: 50 mL TRIS. The solutions were sealed and 
agitated as before. A single sample was removed from solution at 4 h, 72 h and 1 w by filtering, rinsing 
with deionised water and acetone. The samples were dried overnight, weighed and ground for FTIR and 
TGA analysis. 
FTIR was carried out using a Thermo Scientific Nicolet iS10 Spectrometer operating in ATR mode. Samples 
were prepared for analysis by grinding to a fine powder. Spectra were taken in the range 450-4000 cm
-1
 at 
a resolution of 2 cm
-1
 and averaged over 16 scans. 
XRD samples were run by Sarah Greasley before and after 2 w in SBF were prepared by grinding down to a 
powder. The powders was mounted onto a zero-background substrate made from an off-axis cut, high 
quality silicon crystal. The spectra were collected using a Bruker D2 PHASER desktop X-ray diffractometer 
with a step size of 0.0345 º, 0.3 seconds per step, measuring between 5 and 70 degrees 2θ. The radiation 
source was a Ni filtered CuKα.  
TGA samples were prepared post dissolution study by grinding the remaining solids into a fine powder and 
placing approximately 15 mg into a platinum crucible. Using a NETZSCH STA 449C dual thermogravimetric 
analysis-differential scanning calorimeter, the samples were heated to 700 ºC to measure the mass loss 
that occurs due to polymer burn out. A blank platinum crucible was used as a reference and a heating rate 
of 10 ºC.min-1 was used in continuously flowing air. 
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6.2.4.4 - Bioactivity testing 
As a first step to determine if these hybrids are bioactive in vivo, bioactivity testing was carried out in SBF 
prepared as described by Kokubo 
41
. 75 mg solid pieces of hybrid monoliths with organic compositions of 
30, 50, 60 and 70 wt% and H:T of 100:0. 100:1, 100:2 and 100:5 were submerged in 50 mL SBF. The 
samples were sealed in 125 mL polyethylene containers and agitated in an orbital incubator shaker at 120 
rpm and 37 ºC. 1 mL of the SBF solution was removed from each container after 1, 2, 4, 8, 24, 72, 168 and 
336 h and replaced with 1 mL of fresh SBF. The aliquot was diluted with 9 mL 2M nitric acid and analysed 
by ICP-OES to determine the silica, calcium and phosphorus concentrations in solution, an indicator as to 
whether HA has formed on the materials’ surfaces or not. Each sample was repeated in triplicate. At the 
end of the study, the remaining solids were recovered by filtration, rinsed with deionised water and 
acetone and dried overnight at 40 ºC. 
The samples were prepared for SEM by mounting onto SEM stubs with carbon tape and sputter coating 
with chromium for 1 min at 75 mA using an EMITACH K575X Peltier cooled sputter coater with argon gas 
as the sputter gas. SEM images were obtained using a LEO 1525 fitted with a Gemini field emission gun 
operating at 5 kV and a working distance of around 5 mm.  
Samples for FTIR were ground to a powder and spectra recorded in the range 450-4000 cm
-1
 at a 
resolution of 2 cm
-1
, averaged over 16 scans using a Thermo Scientific Nicolet iS10 spectrometer operating 
in ATR mode. 
6.3 – Results and discussion 
Hybrid monoliths were intially made with a target organic content of 60 wt% and H:T of 100:1. In the first 
instance, no ethanol was removed prior to the combination of hydrolysed TEOS and polymer. However, 
the large quantity of ethanol inhibited the condensation of silanol groups and hence, gelation took in 
excess of 1 month to occur. Next, ethanol was removed after the addition of TEOS by heating the samples 
to 80 ºC to allow evaporation. However, in this scenario, the solutions gelled very quickly, particularly 
when high levels of TMSPMA were used, making it difficult to syringe into moulds due to the high viscosity 
of the solutions. In order to prevent gelation occuring too rapidly deionised water was introduced prior to 
ethanol evaporation to reduce the sol concentration. The amount of water that could be added was 
limited since pHEMA is water swellable but not water soluble at high molecular weight. If too much 
deionised water was added, then the solutions became white and opaque and produced opaque monolith 
samples when dried (Figure 6.3). This indicates that phase separation had occurred leading to domains 
greater than 300 nm which can scatter light. 
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FIGURE 6.3 -  PHEMA-SILICA MONOLITHS WITH 60 WT% ORGANIC AND H:T OF 100:1 TURNED OPAQUE DUE TO 
HIGH WATER CONTENT IN THE SOLS, LEADING TO PHASE SEPARATION OF THE WATER-INSOLUBLE PHEMA 
It was important to ensure that the samples had completely gelled prior to opening the lids to dry. If they 
had not, then instead of shrinking uniformly in all directions, the sample dried into a film and stuck to the 
sides of the moulds. The result is that a “cup” shaped sample was achieved where the top dried first and 
stuck to the sides of the mould and the bottom of the samples, which dried last and had time to gel, 
shrank away from the sides of the mould as expected for sol-gel glasses (Figure 6.4).  
 
FIGURE 6.4 – “CUP” SHAPED MONOLITHS ARISEN FROM DRYING THE TOP OF INITIALLY UNGELLED SOL AND THE 
SUBSEQUENT SHRINKAGE AS THE GELLED SOL DRIED LATER 
Successful monoliths were completely transparent, indicating that the hybrids were fully homogenous 
with no phase separation and were golden in colour. The colour is likely to have arisen from Cu(I)Cl 
remaining in the samples due to the polymerisation technique used. However, monolith samples 
fabricated using FRP synthesised polymers (and therefore no copper, see Chapter 7) were slightly yellow 
in colour. pHEMA-TMSPMA was naturally pale yellow and so also contributed to the hybrid’s colour. 
Monoliths were fabricated with organic compositions of 30, 50, 60 and 70 wt% organic and H:T of 100:0, 
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FIGURE 6.5 – SUCCESSFUL MONOLITHS WITH H:T OF 100:2 AND ORGANIC CONTENTS OF (LEFT TO RIGHT) 60 WT%, 
30 WT% AND 70 WT% 
TABLE 6.3 – TABLE INDICATING THE MONOLITHS FABRICATED SUCCESSFULLY AND THOSE ATTEMPTED BUT ONLY 






























100:5   -   - - 
 
Unfortunately, the 50 wt% organic samples could not be prevented from cracking during drying and so no 
samples were suitable for mechanical testing. All other samples were fabricated intact in sufficient 
numbers and with dimensions suitable for mechanical testing. Compression testing was carried out to 
determine the effect of organic content and H:T on the mechanical behaviour of the hybrids. 
Initially, the H:T was set at 100:2 and synthesised into monoliths with organic contents varying between 
30, 60 and 70 wt% and with just gelling the polymer. Compared to traditional sol-gel glasses, the hybrids 
had a much less brittle nature (Figure 6.6 for representative stress-strain curves and Table 6.4 for the 
mechanical properties). Sol-gel hybrids with 30 wt % organic had a 3.2 ± 1.3 % strain at failure with no 
yield prior to fracture. Increasing the organic content to 60 wt% organic increased the strain at failure to 
13.3 ± 6.4 % and yielded at 10.0 ± 8.2 % strain – an important result that shows that introducing organic 
pHEMA polymers leads to plastic failure prior to fracture. Further increase in organic content increased 
the strain at failure to 21.7 ± 5.6 % although the yield point remained relatively stable. Hybrids were also 
synthesised without TEOS, so all the silica was derived from the gelation of TMSPMA silanol groups. The 
strain at yield was again around 8 % but in this case, the samples underwent significant plastic 
1 cm 
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deformation (75.6 %) without fracture before the limits of the machine were exceeded (Figure 6.6). The 
failure stress of the samples increased as the organic content increased (Table 6.4). At 30 wt % organic, 
the failure stress was 23.0 ± 15.2 MPa and the 60 wt% organic increased to 32.7 ± 27.0 MPa and 70 wt% 
organic to 86.4 ± 24.3 MPa. The mechanical strength of bone varies between 1 MPa and 10 MPa 
depending on density 
32
. The compressive strengths achieved were much higher than these values, making 
them promising candidates for bone regeneration materials. However, it should be noted that the 
monoliths in this case are of low porosity and the compressive strengths of the materials will reduce as 
the porosity increases during scaffold fabrication. 
Selecting the 60 wt% organic composition, where the samples started to show non brittle behaviour, the 
effect of H:T was investigated. The strain at failure was essentially constant at around 15 % for all ratios 
and with plastic yielding observed at around 7 % strain (Table 6.5). However, a variation was observed in 
the stress and modulus values. Samples with 100:0 and 100:1 ratios had high failure stresses of 138.40 ± 
11.7 MPa and 162.8 ± 18.7 MPa respectively and moduli of 103.8 ± 23.7 GPa and 106.1 ± 16.2 GPa 
respectively. The samples with 100:2 and 100:5 saw a dramatic reduction in stress to 32.7 ± 27.0 MPa and 
46.0 ± 27.3 MPa respectively and moduli of 39.9 ± 42.1 GPa and 24.3 ± 11.8 GPa respectively. This result is 
surprising since the hybrid densities increased as TMSPMA content increased (Table 6.2) and failure stress 
of the hybrids would be expected to increase with increasing density, typically associated with a reduction 
in porosity. It is possible that the effect of increasing the amount of TMSPMA disrupted the silica network 
and so reduced the strength and stiffness of the hybrids. The increasing branching and crosslinking of the 
polymers, evident from the GPC data in Chapter 5, is likely to prevent the complete integration of the two 
networks. This might lead to phase separation of the silica and polymer components which will weaken 
the silica by providing interfaces with poor mechanical strengths. Without organic component 
interpenetrating the entire monoliths, the toughening effect of the polymer may not be observed. It 
seems that covalent bonding between the organic and inorganic components is beneficial for the 
mechanical strengths of the hybrids, however, it is important that the polymer does not undergo intra-
chain crosslinking which appears to have a detrimental effect on the hybrid properties. Alternatively, the 
increased density resulted from a larger degree of shrinkage during drying for the higher TMSPMA 
compositions. This would lead to a build-up of internal stresses as the solvent evaporated from the 
mesopores within the material, weakening the final monoliths. In any case, in these samples, the optimum 
H:T value appears to be 100:1. 
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FIGURE 6.6 – REPRESENTATIVE COMPRESSIVE STRESS-STRAIN CURVES ILLUSTRATING THE REDUCTION IN BRITTLE 
BEHAVIOUR AS ORGANIC CONTENT OF PHEMA-SILICA HYBRID MONOLITHS INCREASES. HEMA:TMSPMA MOLE 
RATIO WAS 100:2. INSERT ILLUSTRATES THAT MONOLITHS FABRICATED WITHOUT ADDITIONAL TEOS EXPERIENCE 
CONSIDERABLE PLASTIC DEFORMATION UNDER COMPRESSION WITHOUT BRITTLE FAILURE 










No additional TEOS Exceeded machine Exceeded machine 5.0 ± 1.1 
70 wt% 86.4 ± 24.3 21.7 ± 5.6 91.1 ± 13.8 
60 wt% 32.7 ± 27.0 13.3 ± 6.4 39.9 ± 42.1 
30 wt% 23.0 ± 15.2 3.2 ± 1.3 67.6 ± 24.4 
 










100:0 138.4 ± 11.7 18.7 ± 1.2 103.8 ± 23.7 
100:1 162.8 ± 18.7 22.9 ± 2.9 106.1 ± 16.2 
100:2 32.7 ± 27.0 13.3 ± 6.4 39.9 ± 42.1 
100:5 46.0 ± 27.3 21.5 ± 4.2 24.3 ± 11.8 
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29
Si MAS NMR was carried out on 60 wt% organic hybrids with varying H:T in order to investigate the 
structure of the inorganic network. Quantification of the silica species confirmed that the silica network 
was highly condensed in all cases (Table 6.6 and Figure 6.7a). However, the silica network of the 100:0 and 
100:1 hybrids were more highly condensed than the 100:2 and 100:5 hybrids since the Dc was 88.3, 89.9, 
84.3 and 86.0 % respectively. Although these percentages are close in value, they do follow the same 
trend as the compressive strengths providing some evidence for the theory that the increase in TMSPMA 
content disrupts the silica network. Perhaps the silanol groups of the TMSPMA self-condense rather than 
with the silanols of TEOS. Unfortunately, the levels of TMSPMA were so low in these samples that the one 
pulse 
29
Si experiment could not detect the T
n
 species, making it impossible to quantify their number. 
However, since the limit of the technique is approximately 3 % this ties in with the theoretical values of 
2.2 % for 100:5 60 wt% organic hybrids. The cross polarisation experiment increases the intensity of the T
n
 
species, confirming that they are present (Figure 6.7b), but unfortunately it cannot be used to give 
quantitative values of each species. It is important to note that this still does not confirm as to whether 
the TMSPMA and TEOS are co-condensed or if there is significant separation between the components. In 
order to do this, the silica species would need to be labelled as the natural abundance of 
29
Si is so low. 
 
  
FIGURE 6.7 – A) SINGLE PULSE AND B) CROSS POLARISATION 
29
SI MAS NMR SPECTRA OF PHEMA-TMSPMA-
SILICA MONOLITHS WITH 60 WT% ORGANIC AND VARYING H:T 
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TABLE 6.6 – QUANTIFICATION OF SILICA SPECIES AND DC AS DETERMINED FROM SINGLE PULSE 
29
SI MAS NMR 
H:T 
Quantified silica species 
Q4 Q3 Q2 DC 
100:0 54.4 40.1 5.5 88.3 
100:1 57.8 38.2 4.0 89.9 
100:2 48.8 40.1 11.1 84.3 
100:5 48.6 46.2 5.2 86.0 
 
If this material is to be of use in bone regeneration applications, the hybrids must be degradable in 
solution and release silica at a rate sufficient for stimulating osteogenesis. In order to maintain stability in 
vivo, the polymer and inorganic components should be released at a similar rate in order for the material 
not to become brittle over time. 
 
FIGURE 6.8 – SILICA RELEASE OF PHEMA-SILICA HYBRID MONOLITHS WITH H:T OF 100:1 AND VARYING ORGANIC 
CONTENTS IN TRIS BUFFER SOLUTION OVER 2 WEEKS 
A dissolution study was carried out over a two week period, monitoring the silica release from the hybrids. 
The effect of both organic content and H:T was investigated. Apart from 70 wt% organic where the rate of 
silica release was slow and the maximum value reached was lower at 46 ppm, presumably due to the silica 
content being so low, the organic content had little effect on the rate of silica release from the hybrids 
(Figure 6.8). The 30, 50, and 60 wt% organic hybrids had all released 65-68 ppm silica within 2 weeks but 
not yet stabilised in value. This suggests that at 60 wt% organic and above the rate of silica release is 
independent of the amount of inorganic and instead the water ingress and hydrolysis of the Si-O-Si bonds 
within the hybrid materials is the rate determining step for silica release. 
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FIGURE 6.9 – SILICA RELEASE OF PHEMA-SILICA HYBRID MONOLITHS WITH ORGANIC CONTENTS OF 60 WT% 
ORGANIC AND VARYING H:T CONTENTS IN TRIS BUFFER SOLUTION OVER 2 WEEKS 
The effect of H:T on the rate of silica dissolution was investigated using hybrids with a fixed organic 
content of 60 wt% organic (Figure 6.9). Significantly, the H:T had a large influence on the silica release 
over the two week study. 100:0 and 100:1 had a similar rate of silica release, reaching a peak value of 65 
ppm within the two week study. Increasing the TMSPMA content to 100:2 reduced the rate of silica 
release so that the maximum value was 52 ppm and increasing TMSPMA content further to 100:5 reduced 
the rate again to a maximum of 42 ppm in 2 weeks.  
It appears that there was a critical amount of TMSPMA required to affect the rate of silica release but 
highlights the ability to control the silica dissolution simply by changing the polymer composition. These 
materials could be tailored to their application to degrade at the same rate as bone ingrowth, important 
for use in a wide range of different regeneration applications. 
As an aside, the rate of copper release from the samples was measured by ICP-OES in order to determine 
how important the effect of copper dissolution is likely to be in vivo. The hybrids were calculated to 
contain 60.6 µg of copper per gram of hybrid after synthesis. Over the timescale of the study, the amount 
of copper released into solution was undetectable by ICP. The limit on the equipment was 0.4 ppm 
217
 
which means that less than this value must have been released, which is considered safe in the human 
body. 
As mentioned previously, it is important for the components of the material to degrade congruently. In 
order to follow the polymer release from the hybrids, TGA was used to determine the mass loss on 
heating up to 700 ºC due to the burning out of remaining polymer in the samples. Calculation of the % 
change in mass loss (and hence organic content of the sample at that timepoint) gave a time dependence 
showing the change in organic composition (Figure 6.10). A positive value indicated that the rate of silica 
release was faster than the rate of polymer release and similarly vice versa for negative values. For all 
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hybrids, the rate of silica release was faster than polymer release, particularly within the first 4 h where 
there was a great increase in the relative organic content of the hybrids at that time point. Although the 
100:5 hybrids showed the greatest initial increase in organic content with 4.5 % increase within 4 h, 
double that of the 100:0 and 100:1 hybrids, the relative organic content did not change after the first 4 h. 
This means that the rate of silica and polymer release must be the same and dissolution congruent in 
order to maintain a constant composition. This is an important result since it is vital that the two 
components are released congruently to prevent loss of mechanical stability over time in solution. For 
100:0, 100:1 and 100:2 hybrids the silica release remained higher than polymer release up to 72 h 
although with a smaller difference as TMSPMA content increased. It appeared that increasing the 
TMSPMA content increased the strength of incorporation of the polymer to the hybrid, so that polymer 
was released more slowly. 
 
FIGURE 6.10 – CHANGE IN ORGANIC CONTENT OF 60 WT% ORGANIC HYBRID MONOLITHS OVER TIME IN TRIS BUFFER 
SOLUTION AS DETERMINED BY THE MASS LOSS ON BURN OUT OF THE REMAINING ORGANIC CONTENT DURING TGA 
The previous silica dissolution profiles eliminated the possibility that the increase in organic content over 
time in solution with increasing TMSPMA was due to TMSPMA disrupting the silica network and causing 
rapid silica dissolution because in fact, increased TMSPMA reduced the rate of silica release. It appeared 
that increased TMSPMA reduced the rate of release of both components, slowing the rate of dissolution 
and increasing the length of time that the hybrid remains in the body. Hence the time for complete bone 
healing can be controlled and tailored to the application. 
After 72 h, the relative organic content of the 100:0 hybrid started to reduce indicating that between 4 
and 72 h, polymer release was more rapid than silica release. This is likely to continue beyond the two 
week study. Increasing TMSPMA in the 100:1 and 100:2 hybrids showed more rapid polymer release after 
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1 week in solution highlighting that even with covalent coupling between components congruent 
dissolution was not achieved until a critical amount of TMSPMA was reached. 
The differential of the weight loss curves gave insight into the different species that existed within the 
hybrid materials (Figure 6.11a-d). Each peak in the graph related to an event that caused a change in mass 
of the material. Typically these are evaporation, combustion or oxidation. The DTG graphs show how the 
different organic species in the hybrids changed over time and between different polymer compositions. 
Prior to dissolution, there were two events that occurred in all H:T compositions. This is typical of 
methacrylate polymers where thermal degradation occurred in two steps, the first was a transformation 
to a methacrylate anhydride and the second to form another degradation product 
126
. The weight loss 
events occurred at 300 ºC and at 380 ºC. In the 100:5 samples, a third event occurred at 325 ºC evident by 
the shoulder on the primary event. It is possible that this was due to burn-out of HEMA-TMSPMA 
covalently bonded to the silica network, which increased the thermal stability of the polymer, and only 
became evident at the highest levels of TMSPMA. After submersion in TRIS, a new event appeared in all 
samples after 72 h at around 240 ºC. It is possible that this was due to the ester group of the methacrylate 
becoming hydrolysed, producing ethylene glycol and poly(methacrylic acid) (PMAA). Ethylene glycol is 
highly water soluble and so would have been removed during the washing step while PMAA has a primary 
decomposition event at 230-260 ºC 218 similar to that of the new peak observed. In the absence of 
complexing metal ions, such as Ca
2+
, the PMAA is water soluble and so at long timescales with little/no 
covalent bonding between the organic and inorganic components the event at 240 ºC disappeared 
indicating the dissolution of PMAA leaving just the water swellable pHEMA. 
Where there is good covalent bonding between the components, the PMAA peaks were not lost at long 
submersion times and the DTG profiles became very complex, particularly for 100:5. Presumably because 
these combine the first and second degradation products of PMAA, pHEMA, and pTMSPMA polymers 
covalently bonded and hence not released into the TRIS solution.  
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FIGURE 6.11 – DIFFERENTIAL TGA OF A) 100:0 B) 100:1 C) 100:2 AND D) 100:5 HYBRID MONOLITHS AFTER 
SUBMERSION IN TRIS BUFFER SOLUTION 
FTIR was used to monitor qualitatively the relative amount of polymer and silica remaining in the hybrids 
(Figure 6.12). The C=O bond of the methacrylate was observed at all time points at 1707 cm-1 indicating 
that high concentration of polymer remained, important if the hybrids were not to become brittle during 
submersion. The Si-OH band at 1020 cm-1 became more intense relative to the Si-O-Si bridging bands at 
1054 cm-1. This means that during the dissolution study, the Si-O-Si bonds became hydrolysed and the 
silica network reduced in the degree of condensation. This is not what is usually observed in silica sol-gel 
materials. Typically, one would expect to see a reduction in the Si-OH band as the less condensed network 
is hydrolysed and released from the material easily, leaving a more highly condensed silica network 
behind. In these materials, the silica network appears to be hydrolysed but not released from the 
material. Perhaps the pHEMA-TMSPMA polymer, which is not water soluble and not released rapidly from 
the material as indicated by TGA, is strongly bonded to the silica network so that instead of soluble silica 
being released when it is hydrolysed, it remains covalently bonded to the polymer. This is particularly 
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likely for the silica introduced into the material as TMSPMA. The pH of TRIS buffer solution is close to pH 7 
and it is unlikely that cleavage of the ester groups within the methacrylate monomer would occur in order 
to release the pendant silanol groups. Instead, the TMSPMA monomers would remain intact and the silica 
become hydrolysed to give C-Si-(OH)3, contributing to the apparent reduction of network connectivity. The 
C-O band (1139 cm
-1
) also increased relative to the Si-O-Si band indicating that the amount of polymer 
increased over time relative to silica content, supporting the observation previously noted by TGA that the 
organic content increased over time in solution. 
 
FIGURE 6.12 – FTIR OF 100:1 60 WT% ORGANIC HYBRID MONOLITHS AFTER SUBMERSION IN TRIS BUFFER 
SOLUTION 
Previous work has indicated that pHEMA-silica hybrids have the capability of precipitating HA in SBF 
133
, a 
first indication that the materials may be bioactive in vivo. It is likely that this is due to the large number of 
hydroxyl groups inherent in the sol-gel glasses and in the polymer itself. To confirm this, a dissolution 
study was carried out in SBF for two weeks. 
The silica release profiles were very similar to those observed in TRIS solution (Figure 6.13). However, 
under these conditions there was a difference in the rate of silica release with organic content. 30 wt% 
organic hybrids released the highest amount of silica reaching 68 ppm in 2 weeks compared with 42 ppm 
for 70 wt% organic. 50 and 60 wt% organic released silica at a similar rate, reaching a maximum value of 
54 and 58 ppm respectively within the 2 weeks. The same control of silica release was observed with 
varying TMSPMA content. 100:0 hybrids showed a high rate of silica release and there was a slight 
increase in rate of silica for 100:1 hybrids, however, this is likely to be within the error based on the 
standard deviation of the samples. However, once the critical H:T of 100:2 was reached, the rate of silica 
release halved to 28 ppm within 2 weeks (Figure 6.14). 
The calcium and phosphate contents of the 30, 50 and 60 wt% organic hybrids started reducing at 72 h 
and had dropped to close to zero within two weeks indicating that a calcium phosphate had precipitated 
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on the materials (Figure 6.15). The 70 wt% organic hybrid showed a reduction in Ca and P concentration at 
1 w, however it did not reach zero within the time scale. This shows that the organic composition had an 
effect on the potential bioactivity of the hybrids. Presumably the number of silanol groups available to act 
as nucleation sites would control the rate at which precipitation of calcium phosphate occurred. Given the 
H:T ratio did not appear to control the rate of calcium and phosphate concentration reduction, although it 
did control silica release, it must not be the rate of the silica release into solution that controlled the 
precipitation, but simply the amount of silica in the bulk samples, and hence silanol groups available to act 
as nucleation sites. 
 
FIGURE 6.13 – SILICA RELEASE OF PHEMA-TMSPMA HYBRID MONOLITHS WITH H:T OF 100:1 AND VARYING 
ORGANIC CONTENTS INTO SBF OVER 2 WEEKS. LEGEND GIVES DETAILS OF THE H:T AND THE WT% ORGANIC PRESENT 
IN THE SAMPLES 
 
FIGURE 6.14 – SILICA RELEASE OF PHEMA-TMSPMA HYBRID MONOLITHS WITH ORGANIC CONTENTS OF 60 WT% 
AND VARYING H:T INTO SBF OVER 2 WEEKS. LEGEND GIVES DETAILS OF THE H:T AND THE WT% ORGANIC PRESENT IN 
THE SAMPLES 
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FIGURE 6.15 – A) PHOSPHORUS AND B) CALCIUM CONTENT OF SBF OVER 2 WEEKS DURING A DISSOLUTION STUDY OF 
PHEMA-TMSPMA HYBRID MONOLITHS WITH VARYING ORGANIC CONTENTS. LEGEND GIVES DETAILS OF THE WT% 
ORGANIC PRESENT IN THE SAMPLES. ALL SAMPLES HAD H:T OF 100:1 
SEM of the hybrid surface confirmed that there were spherical precipitates on the surface of the 60 wt% 
organic hybrids. Higher magnification showed that these precipitates consisted of needle-like structures 
typical of amorphous HA nuclei. At 30 wt% organic, the precipitates fully covered the hybrid samples at 
two weeks leaving a “carpet” of plate-like structures typical of HA crystals (Figure 6.16). FTIR confirmed 
that these precipitates were phosphates by the emergence of the typical double band around 600 cm-1 
(Figure 6.17). The Si-OH band increased in intensity relative to the Si-O-Si band, indicating that 
considerable silica network hydrolysis occurred within two weeks. The C=O and C-O bands were present, 
showing that polymer was still present in the hybrids after this time in solution. XRD further confirmed 
that the precipitates were HA (Figure 6.18) as sharp crystalline peaks matching the reference spectrum 
were observed. 
 
FIGURE 6.16 – SEM IMAGES OF HA PRECIPITATES ON THE SURFACE OF 60 WT% ORGANIC 100:1 HYBRID 
MONOLITHS AFTER 2 WEEKS IN SBF. INSERT SHOWS 30 WT% ORGANIC HYBRID MONOLITHS WITH THE SURFACE 
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FIGURE 6.17 – FTIR OF 60 WT% ORGANIC 100:1 HYBRID MONOLITHS AFTER SUBMERSION IN SBF FOR 2 WEEKS. A 
P-O BAND APPEARS INDICATING THAT HA FORMED ON THE SURFACE OF THE MONOLITHS 
 
FIGURE 6.18 – XRD OF 60 WT% ORGANIC 100:1 HYBRID MONOLITHS AFTER SUBMERSION IN SBF FOR 2 WEEKS. 
CRYSTALLINE PEAKS APPEAR, CORRESPONDING TO HA, CONFIRMING THAT THE PRECIPITATES OBSERVED WERE 
CRYSTALLINE HA. COURTESY OF SARAH GREASLEY 
In order for these materials to be of use in the body, the materials must be fabricated into porous 
scaffolds with pore interconnect diameters in excess of 100 ?m 35 (see Chapter 2). In Chapter 4, chitosan-
silica hybrids were fabricated using the freeze drying technique. For this system, freeze drying may not be 
appropriate due to the high level of ethanol remaining in the solutions which would prevent the 
sublimation of the frozen solvent to form the pores of the structures. Based on the results of this chapter, 
60 wt% organic 100:1 hybrids were identified as having the optimum combination of high strengths and 
strain at failure, a degree of control over silica and polymer release while also exhibiting bioactivity in SBF. 
As a preliminary study, three different pHEMA-TMSPMA-silica scaffolds with an organic content of 60 wt% 
and a H:T of 100:1 were fabricated by replacing different volumes of ethanol with deionised water, 
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allowing them to gel, frozen in liquid nitrogen and subsequently freeze dried. The scaffolds showed 
increasing stability as the ethanol and polymer concentrations reduced (Figure 6.19). With a polymer 
concentration of 220 mg.mL
-1
 the scaffold collapsed on drying and instead dehydrated to produce a dense 
cracked disk. High water content produced a scaffold that was fragile to handle. It had a very high 
porosity, perhaps contributing to the low mechanical strength. 
However, since no further optimisation was carried out, this is a positive indication that this technique 
may be applied to synthetic hybrid materials. It indicated the importance of ensuring water solubility of 
the future polymers as the freeze drying process clearly requires high water contents to achieve stable 
scaffolds. Since pHEMA is not water soluble, the polymer system used in these hybrids may not be 
suitable for freeze drying or foaming. Perhaps an alternative method, such as electrospinning or 3D 
printing may be more appropriate. 
 
FIGURE 6.19 – FREEZE DRIED PHEMA-SILICA SCAFFOLDS WITH INCREASING AMOUNTS OF ETHANOL REPLACED WITH 
WATER LEADING TO SCAFFOLD STABILITY 
6.4 – Summary 
Hybrid monoliths were successfully synthesised with organic contents ranging from 30 wt% up to 70 wt% 
and with H:T between 100:0 and 100:5. The hybrids were fully transparent indicating that no phase 
separation occurred to produce light scattering domains above 300 nm in size. 
Increasing organic content reduced the brittle behaviour of the hybrids so that 60 and 70 wt% organic 
hybrids showed plastic deformation prior to fracture. However, increasing organic content beyond 60 wt% 
led to a significant reduction in the silica release in solution, perhaps due to the silica nanoparticles 
becoming covered by polymer, and saw a decline in the rate of HA precipitation on the materials’ surface 
in SBF. This indicates that the organic content should be limited to 60 wt% organic to ensure biological 
activity – although, yet to be confirmed in vitro or in vivo. 
Increasing the degree of crosslinking (H:T) reduced the rate of silica release and of polymer release so that 
the rate of dissolution of the hybrids could be controlled by the polymer composition allowing tailorability 
to the specific application. The dissolution of the two components was also made more congruent with 
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increased coupling, so that at 100:5, the hybrids showed constant relative organic contents up to 2 w in 
TRIS solution, however, a rapid loss in mechanical strength was observed at high TMSPMA contents. The 
degree of crosslinking did not appear to have an effect on the degree of condensation, as determined by 
29
Si MAS NMR and all hybrids had highly condensed silica networks. Copper introduced during polymer 
synthesis could not be detected during the dissolution study suggesting that the concentrations were so 
low that they won’t cause a problem in vitro. 
Finally, a short preliminary study was carried out into the feasibility of fabricating porous scaffolds of this 
system using the optimum composition of 100:1 60 wt% organic by freeze drying. Scaffolds were achieved 
at high water and low ethanol contents but were not optimised and hence had low mechanical strengths. 
Since pHEMA is water swellable and not water soluble, this system may be more appropriate for 
electrospinning or 3D printing methods. 
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Chapter 7 – 
Synthesis of 
pHEMA hybrids 





Image: Hydroxyapatite nuclei formed on pHEMA hybrid surface 
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The experimental work in this chapter including hybrid synthesis, mechanical and dissolution testing was 
assisted by Miss Dorothy Vivienne Latham and Mr Ali Mohammed as part of their MSc research projects. 
7.1 – Introduction 
In the previous chapter, polymers were synthesised by a controlled polymerisation technique, ARGET 
ATRP, and incorporated into a sol-gel process to fabricate hybrid monoliths. The incorporation of pHEMA-
TMSPMA into the hybrid reduced the brittle nature of the monoliths and the degradation rate could be 
controlled by changing the TMSPMA content of the hybrids. However, in Chapter 5 the polymer synthesis 
was studied and it was determined that the polymers could not be purified without causing the TMSPMA 
silanol groups to condense. This meant that the copper catalyst and any residual polymers could not be 
removed, leading to high polydispersities. In this chapter, simple FRP was employed to synthesise copper-
free polymers, that don’t require purification, and incorporate these into hybrid monoliths and assess 
their mechanical and degradation properties. It is hoped that this will provide a control to establish 
whether the use of controlled polymerisation is necessary in bone regeneration materials. 
7.2 – Methods 
7.2.1 – Materials 
Polymers were synthesised using FRP as detailed in Chapter 5 with H:T of 100:0, 100:1, 100:2 and 100:5. 
Polymers were kept in anhydrous ethanol solution until required to prevent the hydrolysis and 
condensation of TMSPMA silanol groups. Unless stated, all chemicals were purchased from Sigma Aldrich, 
UK and used as received. 
7.2.2 – Hybrid monolith synthesis 
In a typical experiment, to achieve an organic content of 60 wt% with a H:T of 100:5, 9.54 mL TEOS was 
hydrolysed by stirring vigorously with 3.08 mL deionised water and 1.027 mL 2M HCl for 1 h at room 
temperature. 
40 mL of the polymer solution, at a concentration of 100 mg.mL
-1
, was transferred to a round bottom flask 
and half of the solvent removed by vacuum distillation using a Butchi Rotovapor RII. The removal of some 
of the ethanol was important to ensure that the gelation of the hybrids occurred within a reasonable 
timescale and that the rapid evaporation of the volatile ethanol did not cause cracking due to rapid 
shrinkage of the surfaces of the monoliths. 
The hydrolysed TEOS and polymer solutions were combined as detailed in Table 7.1 in a beaker and 
heated to 80 ºC in a paraffin bath. In order to replace the evaporating ethanol, and hence reduce the time 
of gelation by lowering the alkoxysilane concentration, 12 mL of deionised water was slowly added to the 
solution. After approximately 1.5 h, when the total volume of the sol was around 30 mL, 3 mL sol was 
syringed into polystyrene moulds. The samples were allowed to gel, typically within 4 days defined when 
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the surface of the hybrids did not deviate from flat when turned 90 º, and were aged at 40 ºC for 3 days. 
The lids of the moulds were then loosened and the gels allowed to dry until no further weight loss was 
observed. Typically, this took around 2-3 weeks. 















3.08 1.03 9.54 
100:2 3.15 1.05 9.75 
100:1 3.17 1.06 9.82 
100:0 3.20 1.07 9.90 
 
7.2.3 – Characterisation techniques 
7.2.3.1 – Chemical structure characterisation 
FTIR was used to characterise the chemical structure of the hybrids. FTIR was also used before and after 
the dissolution study to establish the relative amounts of polymer and silica remaining in the solution after 
testing. For testing, all samples were ground to a fine powder and spectra recorded using a Thermo 
Nicolet iS10 spectrometer operating in ATR mode. The spectra of the 60 wt% organic hybrids were taken 
between 450 and 4000 cm
-1
 with a scan resolution of 4 cm
-1
, averaged over 32 scans.  
7.2.3.2 – Mechanical testing 
In order to determine the effect of varying the H:T on the mechanical properties of the hybrids and 
establish their suitability for bone regeneration materials, mechanical testing of the samples was carried 
out by carefully grinding down the sample ends until flat and parallel (dimensions detailed in Table 7.2). 4 
samples of each composition were tested under simple compression using a Zwick Roell Z010 with a load 
cell of 10 kN and a strain rate of 1 mm.min
-1
, analysed using Test Xpert II software. Failure was considered 
to have occurred when cracks formed in the hybrid monolith and a sudden reduction in stress was 
observed. From this event, failure strain and stress were calculated. In some high organic samples, the 
monoliths yielded plastically before eventually failing. In these cases a yield point was determined where 
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TABLE 7.2 – DIMENSIONS OF THE MONOLITHS TESTED UNDER COMPRESSION TO DETERMINE MECHANICAL 






Height /mm Aspect ratio 
60 
100:5 6.8 ± 0.9 7.9 ± 0.9 1.2 
100:2 7.6 ± 0.3 8.7 ± 1.0 1.2 
100:1 8.4 ± 0.5 8.7 ± 1.0 1.1 
100:0 7.4 ± 0.1 7.6 ± 0.9 1.0 
 
7.2.3.3 – Dissolution study 
A dissolution study was carried out in order to study the rate of silica and polymer release under 
physiological conditions and the effect of changing H:T. This organic composition was chosen because in 
Chapter 6, it was indicated that the 60 wt% organic hybrids combined a high silica dissolution rate, which 
could be tailored by altering the polymer composition, with a reduction in brittle behaviour under 
compression and precipitation of HA in SBF. In order to directly compare the effect of incorporating 
controlled and uncontrolled polymers, this composition, optimised in the previous chapter was used. TRIS 
buffer solution with a molarity of 0.062 was prepared following a previous protocol 
216
 to maintain a pH of 
7.3, typical of physiological conditions. Single monolith pieces of hybrids weighing 75 mg with H:T of 
100:5, 100:2, 100:1, and 100:0 were submerged in 50 mL TRIS buffer in 125 mL polyethylene containers. 
The solutions were sealed and agitated at 120 rpm and 37 ºC in an orbital incubator shaker 
(Newbrunswick Scientific – Classic series C24). After 1, 2, 4, 8, 24, 72, 168, 336 and 504 h, 1 mL of solution 
was removed for analysis and replaced with fresh SBF. The aliquots were diluted with 9 mL 2M nitric acid 
and analysed by ICP-OES (Thermo Scientific iCAP 6300) to determine the Si concentration in solution. Each 
sample was repeated in triplicate. At the end of the study, the remaining solids were recovered by 
filtration, rinsed with deionised water and acetone and dried overnight at 40 ºC weighed and ground for 
further analysis by FTIR, SEM and TGA. 
In order to follow the polymer release from the hybrids, three further samples per composition were 
submerged in TRIS buffer at a mass:solution ratio of 75 mg: 50 mL TRIS. The solutions were sealed and 
agitated as before. A single sample was removed from solution at 4 h, 72 h and 1 w by filtering, rinsing 
with deionised water and acetone. The samples were dried overnight, weighed and ground for FTIR and 
TGA analysis. 
7.2.3.4 – Thermogravimetric analysis (TGA) 
TGA samples were prepared post dissolution study by grinding the remaining solids into a fine powder and 
placing approximately 15 mg into a platinum crucible. Using a NETZSCH STA 449C dual thermogravimetric 
analysis-differential scanning calorimeter, the samples were heated to 700 ºC to measure the mass loss 
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that occurs due to polymer burn out. A blank platinum crucible was used as a reference and a heating rate 
of 10 ºC.min-1 was used in continuously flowing air. 
7.2.3.5 – Scanning electron microscopy (SEM) 
SEM was used to image the surfaces of the hybrids before and after dissolution testing. Dissolution tested 
samples were prepared by mounting onto aluminium stubs with carbon tape and sputter coating with 
gold for 2 min at 2 mA. Imaging was carried out in SEI mode using a LEO 1525 SEM fitted with a Gemini 
field emission gun, a gun voltage of 5 kV, and a working distance around 6 mm. 
7.3 – Results and discussion 
7.3.1 – Monolith synthesis 
Monoliths were fabricated with an organic content of 60 wt%, determined in the previous chapter as the 
optimum organic content to prevent brittle behaviour while also exhibiting good dissolution and 
bioactivity properties. In this chapter, the polymers were synthesised using FRP in ethanol, a copper free 
synthesis technique, with over 98 % conversions meaning that no purification was required prior to use. 
This is good in terms of reducing the expense and ensuring commercial viability of the procedure. 
Initially, hybrid synthesis was attempted without prior evaporation of ethanol using the paraffin bath and 
replacement with water. The organic contents attempted were 25 wt%, 50 wt% and 75 wt%. However, it 
was found that at this high ethanol content, with no water addition, the 75 wt% organic did not gel within 
a few months and the 50 wt% organic hybrids could not be fabricated without cracking. For this reason, 25 
wt% organic hybrids were the only composition that could be investigated without ethanol-water 
exchange in the paraffin bath. The 25 wt% organic hybrids showed poor mechanical properties with brittle 
failure occurring at low strains of 5-6 %. Because of this highly brittle behaviour, it was vital to increase the 
organic content of the hybrids. For this reason, the levels of ethanol had to be reduced as far as possible, 
requiring evaporation using a paraffin bath. As in chapter 6, the increased concentration of the sols during 
the evaporation step caused rapid gelation. To avoid this, deionised water was added to replace the 
evaporating ethanol. This had the dual effect of slowing the rate of gelation so that the hybrids could be 
injected into moulds and meant that the evaporation of solvent during the drying step was more uniform, 
so that the surface of the hybrids did not dry and shrink too quickly, which led to cracks forming all over 
the surface and within the bulk of the monolith. Using this solvent exchange method, hybrid monoliths 
were synthesised with a 60 wt% org composition and H:T of 100:0, 100:1, 100:2 and 100:5. All hybrid 
monoliths were transparent, indicating no phase separation to form light scattering domains greater than 
300 nm. Interestingly, the monoliths exhibited the same yellow colour, previously attributed to copper 
present in the ARGET ATRP polymers. Since there was no copper used in FRP, the yellow colour must arise 
from the colour of the polymer itself. In 25 wt% organic hybrids, where the polymer content was much 
reduced, the monoliths were almost colourless, typical of silica sol-gel glasses. 
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In a similar fashion to the ARGET ATRP hybrids, there was a slight increase in bulk density of the samples 
as the TMSPMA content increased, particularly evident in the 25 wt% organic hybrids. The effect of 
increased covalent crosslinking between the components appeared to also increase the % weight loss 
during drying from 73.7 ± 8.7 % to 83.9 ± 3.1 % for 100:0 and 100:5 respectively. The condensation 
between the polymer chains and the inorganic network reduces the attraction between the components 
and the ethanol/water solvent, perhaps by reducing free volume within the hybrid by crosslinking via 
TMSPMA monomers. 
 
FIGURE 7.1 – FRP PHEMA HYBRID MONOLITHS WITH ORGANIC CONTENTS OF 60 WT% AND H:T OF: (LEFT TO 
RIGHT) 100:0, 100:1, 100:2 AND 100:5 
TABLE 7.3 – PERCENTAGE WEIGHT LOSS AND BULK DENSITY EXHIBITED BY 60 WT% ORGANIC FRP HYBRID 
MONOLITHS WITH INCREASING H:T 
H:T Weight loss /% Bulk density /g.cm-3 
100:0 73.7 ± 8.7 1.41 ± 0.01 
100:1 78.0 ± 2.6 1.43 ± 0.04 
100:2 79.9 ± 2.9 1.47 ± 0.04 
100:5 83.9 ± 3.1 1.87 ± 0.75 
 
FTIR of the pure polymers all exhibited bands at 1715 cm-1 typical of the C=O within the methacrylate, 
multiple CH2/CH3 bands around 1477 cm
-1 and 1450 cm-1 and C-O of the ester at 1070 cm-1 (Figure 7.2). 
Since the silica content of the polymers was between 0 and 2.15 wt%, the bands associated with the silica 
network were not identifiable. After the addition of hydrolysed TEOS to form hybrids, the FTIR of the final 
monoliths with 60 wt% organic exhibited a strong Si-O-Si band at 1042 cm-1 indicating that a highly 
condensed silica network was formed. Some Si-OH species were present, as evident from the band at 936 
cm-1. Si-OH occur when there are significant numbers of non-bridging oxygens, typical of sol-gel glasses 
where the mesoporosity leads to a high surface area and contributes to the bioactivity in vivo. Strong 
bands were identified from the C=O of the methacrylate co-polymer at 1716 cm-1, the CH2/CH3 at 1477 
cm−1 and 1451 cm-1, and from the C-O of the ester group at 1150-1250 cm-1 (Figure 7.2). This indicated 
that the polymer had been successfully incorporated into the hybrid with no obvious change in chemical 
structure. 
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FIGURE 7.2 – FTIR OF FRP PHEMA HYBRIDS WITH 60 WT% ORGANIC AND H:T OF 100:1 
7.3.2 – Mechanical properties 
Mechanical testing of the 60 wt% organic FRP hybrids was carried out to determine the effect of H:T and 
to compare with those achieved in ARGET ATRP hybrids (results summarised in Table 7.4). The 60 wt% 
organic FRP hybrids exhibited a reduction in brittle behaviour when compared to the 25 wt% organic FRP 
hybrids (as illustrated in Figure 7.3) The strain at failure for 100:2 hybrids increased to 10.8 ± 3.6 %, almost 
double that observed in low organic compositions (5.6 ± 1.2 %). There was also a yield point prior to final 
fracture in the samples that means that plastic deformation occurred before final fracture, another 
indication that the introduction of pHEMA reduced the brittle behaviour of sol-gel glasses. Generally, the 
maximum compressive stresses achieved were considerably lower than the 100:0 and 100:1 60 wt% 
organic ARGET ATRP hybrids which exhibited 138.0 ± 11.7 and 162.8 ± 18.7 MPa respectively. However, 
whereas the ARGET ATRP hybrids showed a dramatic reduction in compressive strength as TMSPMA 
increased, the compressive strength of the FRP hybrids increased with increasing TMSPMA, so that the 
100:2 and 100:5 FRP hybrids outperformed the equivalent ARGET ATRP hybrids by around 40 MPa. In 
Chapter 6, a hypothesis was proposed that argued that the sudden reduction in mechanical strength was 
due to the highly branched and crosslinked nature of polymers with high TMSPMA contents. However, in 
the FRP hybrid samples, the mechanical strengths continued to increase despite the increase in Mw/Mn 
and hence increase in branching and crosslinking. Since the polydispersity values are similar in FRP and 
ARGET techniques it suggests that the Mw/Mn does not govern the mechanical stability of the hybrids. One 
might reasonably suggest that the build-up of stresses during drying might contribute to the weakening of 
the monoliths. Both the FRP and ARGET hybrid monoliths exhibited increased weight loss due to solvent 
evaporation on drying as TMSPMA content increased, which implies higher internal stresses at high 
TMSPMA contents. However, although this hypothesis fits for the ARGET ATRP hybrids, it does not explain 
the behaviour of the FRP hybrids. At high molecular weights, those with high TMSPMA contents, the 
physical entanglements between chains contribute to the strengthening mechanism within the organic 
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network, whereas at lower molecular weights, at low TMSPMA contents, the chains have fewer 
entanglements and instead, the majority of the strengthening becomes dependent upon covalent 
crosslinking between the networks. The result is an increase in compressive strength and strain as 
TMSPMA increases. The strain at failure appeared to remain relatively constant with varying H:T, however 
there was a large degree of scatter associated with the values so that the mean values ranged between 
9.0 and 16.8 % for 100:0 and 100:5 respectively. The maximum compressive strains of the FRP hybrids 
were 4-9% lower than their ARGET ATRP counterparts. It appears that there was no critical H:T ratio 
determined and increasing TMSPMA content improved the mechanical properties of the monoliths. 
TABLE 7.4 – SUMMARY OF MECHANICAL PROPERTIES OF FRP PHEMA-SILICA HYBRID MONOLITHS WITH ORGANIC 








100:0 46.9 ± 16.8 9.0 ± 1.3 75.4 ± 12.6 
100:1 78.0 ± 40.8 13.1 ± 5.0 81.1 ± 15.2 
100:2 72.0 ± 25.0 10.8 ± 3.6 98.3 ± 16.9 
100:5 91.1 ± 32.7 16.8 ± 8.2 87.7 ± 50.0 
 
 
FIGURE 7.3 – COMPARISON OF REPRESENTATIVE COMPRESSIVE STRESS-STRAIN CURVES FOR 25 WT% ORGANIC AND 
60 WT% ORGANIC FRP HYBRID MONOLITHS ILLUSTRATING THE REDUCTION IN BRITTLE BEHAVIOUR WITH INCREASING 
ORGANIC CONTENT 
As with the ARGET ATRP hybrids, the compressive moduli did not appear to vary with H:T. The stiffness of 
the 100:1 hybrids, identified in the previous chapter as the optimum composition based on a combination 
of mechanical, dissolution and bioactivity testing, was 81.1 ± 15.2 GPa. This is much higher than the 0.1-5 
GPa exhibited by cancellous bone (Figure 7.4) 
32
. However, given that these will be fabricated into porous 
scaffolds, the stiffness will reduce with porosity as described by cellular solid theory 
175
. The hybrids will 
not cause stress shielding if the stiffness is similar to that of natural cancellous bone. 
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FIGURE 7.4 – PROPERTY MAP SHOWING THE A) STRENGTH AND B) MODULUS AS A FUNCTION OF DENSITY OF NATURAL 
BONE, ARGET ATRP HYBRIDS AND FRP HYBRIDS. ADAPTED FROM CES EDUPACK ©GRANTA DESIGN 
Chapter 5 discussed the synthesis and characterisation of the ARGET ATRP and FRP polymers and it was 
determined by GPC that the FRP polymers had a Mn of 33.41, 41.11 and 56.99 kDa for 100:0, 100:1 and 
100:2 polymers respectively. For the 100:0 and 100:1 polymers, the Mn was less than that of the 
equivalent ARGET ATRP polymers (67 and 52 kDa for 100:0 and 100:1 respectively) but for the 100:2 
polymer the FRP polymer had a higher molecular weight than the 100:2 ARGET polymer. In a proof of 
concept study, Pereira et al. incorporated PVA into a silica sol-gel foaming process to reduce the brittle 
behaviour of porous bioactive glass scaffolds 
54
. The mechanical properties of these hybrids were limited 
due to the low molecular weight of the polymers used (16 kDa) since entanglements only occur when 
polymer chain lengths are in excess of 100 kDa 
4
. Since the Mn values were similar in the FRP and ARGET 
polymers it would be expected that the compressive stresses and strains of the hybrid monoliths would be 
similar. However, a drop of around 30 MPa was observed in the compressive stress and strain for each of 
the FRP monoliths when compared to their equivalent ARGET hybrid. Looking back at the densities of the 
hybrids, which would give some idea of the extent of solvent evaporation from the material, the FRP 
hybrids have bulk densities between 1.41 and 1.87 g.cm
-3
 whereas the ARGET hybrids have densities half 
that, between 0.68 and 0.81 g.cm
-3
. It is possible that the larger amount of solvent evaporation caused an 
increased build-up of internal stress within the monolith. This in turn would lead to a decrease in 
mechanical strength of the hybrids despite the similar molecular weight of the polymers and organic 
compositions of the monoliths. 
These results highlight the importance of using polymers with high molecular weights to ensure good 
mechanical properties. However, these polymers are not fully degradable and so for any biomedical 
applications, degradable groups must be introduced to break down a high molecular weight polymer into 
something that can be processed by the kidneys. This is beyond the scope of this thesis, but a potential 
strategy is discussed in Chapter 8. 
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These results also indicate that, unlike the conclusions of the previous chapter, the H:T does play a role in 
controlling the mechanical properties of the hybrid, particularly when low molecular weight polymers are 
used. 
7.3.2 – Dissolution testing 
As has been described previously, it is important to be able to control the rate of dissolution of the hybrids 
so that the final scaffolds can be tailored to the application to match the regeneration of bone. In order to 
determine whether FRP synthesised polymer-based hybrids exhibit the same dissolution properties as 
ARGET ATRP hybrids, a dissolution study was carried out over 3 weeks in TRIS buffer solution. FRP hybrids 
with 60 wt% organic and H:T of 100:0, 100:1, 100:2, and 100:5 were used in order to compare with the 
results of the ARGET ATRP hybrids. 
 
FIGURE 7.5 – RELEASE OF SILICA IN TRIS BUFFER SOLUTION OVER 3 WEEKS OF FRP PHEMA HYBRIDS WITH 60 WT% 
ORGANIC AND VARYING H:T 
The hybrids that contained no TMSPMA exhibited the fastest rate of silica release so that at 3 weeks 78.7 
± 4.15 ppm silica had been released into solution. Introducing covalent coupling between the inorganic 
and organic networks reduced the rate of silica release so that 100:1 and 100:2 hybrids exhibited 74.0 ± 
4.8 ppm and 73.8 ± 7.2 ppm silica respectively into solution at 3 weeks. There was little difference 
between the release profiles of the two hybrids, however, increasing the TMSPMA content to 100:5 
reduced the rate of silica release further so that only 58.5 ± 1.2 ppm silica was detected in TRIS solution 
after 3 weeks. Introducing covalent coupling into the hybrids allowed control over the silica release, 
important for the tailorability of the materials. 
Comparing these silica release profiles with those of the ARGET ATRP, it can be seen that in all cases, the 
rate of silica release was much faster in the FRP hybrids, although the same general trend of slowed 
release with increased TMSPMA was seen. It appeared that the lower molecular weight polymers 
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disrupted the silica network to a greater extent than the high molecular weight polymers. It is unlikely that 
the effect was due to copper in the ARGET ATRP polymers since the copper levels were so low. In addition, 
reports of copper doped sol-gel glasses have shown that, in fact, increased copper levels disrupted the 
silica network to increase the rate of silica release. It is more likely that since low molecular weight pHEMA 
is more soluble than high molecular weight pHEMA 
119
, the polymers go into solution more rapidly, 
breaking up the hybrid and hence causing silica to be released more rapidly. 
 
FIGURE 7.6 – CHANGE IN ORGANIC CONTENT OF FRP PHEMA HYBRID MONOLITHS OVER 1 WEEK IN TRIS BUFFER 
SOLUTION AS DETERMINED BY THE WEIGHT LOSS ON BURNING OUT OF RESIDUAL ORGANIC BY TGA 
Since it is important for the polymer to be released congruently with the inorganic component, the 
relative organic-inorganic composition of the hybrids after various time points in TRIS buffer solution were 
determined by TGA by measuring the weight loss on burning out of the organic component up to 700 ºC. 
The change in composition of the hybrids is shown in Figure 7.6. When there was no cross-linking between 
the organic and inorganic components, the organic content of the hybrids reduced dramatically within the 
first 72 h. This means that the polymer was being released more rapidly than the silica. The organic 
content went from 57.8 wt% down to 41.2 wt% within the first 72 h. Since the non-brittle behaviour of the 
hybrids only became apparent at around 60 wt% and hybrids of 25 and 30 wt% organic were very brittle, 
the fact that the organic content reduced so greatly may cause the hybrid to become brittle while in the 
body, resulting in catastrophic failure during use. Between 72 h and 1 w, the relative organic content 
increased again, suggesting that the silica was now being released at a faster rate than the polymer, or 
that the polymer was being reprecipitated onto the surface of the material. It is difficult to predict the rate 
of the two components being released into solution, rendering a good understanding of the mechanical 
stability of the hybrids over extended periods of time in solution a challenge.  
Once TMSPMA was introduced, there was little difference between the 100:1 and 100:5 profiles. Initially, 
polymer release exceeded silica release, as shown by the slight reduction in organic content up to 8 h in 
TRIS. Presumably this is due to the release of those polymers that are not covalently bonded to the silica 
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network, either due to self-condensation of the TMSPMA silanol groups or because statistically, some of 
the polymer chains may not contain TMSPMA monomers, being rapidly released into solution. However, 
after this point, the relative organic content of the hybrid started to increase so that within 24 h, the 
change in relative organic content was greater than at 0 h (56.9 and 56.1 for 100:1 and 100:5 
respectively). The relative organic content then carried on increasing until 72 h where the polymer 
contents stabilised at around 60 wt% organic for up to 1 week. This is a very positive result as it indicates 
that the organic and inorganic components were released at the same rate and that TMSPMA promotes 
congruent dissolution.  
 
FIGURE 7.7 – SEM IMAGES OF THE SURFACE OF FRP 100:1 PHEMA-TMSPMA HYBRIDS PRE- AND POST- 
SUBMERSION IN TRIS BUFFER SOLUTION 
SEM images of the surface of the hybrids pre- and post- dissolution testing shows how the spherical 
morphology typical of sol-gel glasses that arises from the condensation of primary silica nanoparticles, 
becomes less pronounced. Crucially, there were a large number of microcracks all over the surface of the 
hybrids. pHEMA is a water swellable polymer and when in solution would cause the organic component of 
the hybrid to take up water and expand. Since the inorganic component does not swell in the same way, 
the silica becomes forced apart by the swelling polymer. After dissolution, the samples are dehydrated 
and the polymer returns to its non-swelled state. The silica component however, remains cracked as the 
polymer no longer fills the spaces. This effect was also evident when large ARGET ATRP hybrid monoliths 
were put into TRIS buffer solution as they formed large cracks all over their surfaces and eventually 
shattered into many pieces within a few hours. It is hoped that once these hybrids are formed into porous 
scaffolds, the smaller constrained volumes will prevent stresses from building up and the materials will 
remain uncracked in solution. However, this highlights yet another reason why it is important for the 
materials to be highly water soluble, something that will be considered in Chapter 8. 
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 FIGURE 7.8 – FTIR OF FRP 100:1 PHEMA-TMSPMA HYBRIDS BEFORE AND AFTER 2 WEEKS IN TRIS 
BUFFER SOLUTION 
FTIR of the hybrids post dissolution testing shows that the polymer and silica components remain within 
the hybrid after 2 week in TRIS (Figure 7.8). The Si-OH band at 1020 cm
-1
, evident as a shoulder on the Si-
O-Si band at 1050 cm
-1
, becomes more prominent confirming that hydrolysis of Si-O-Si bonds has occurred 
to reduce the degree of condensation of the hybrids. The C-O band of the pHEMA-TMSPMA at 1140 cm
-1
 
reduced relative to the Si-O-Si band at 1050 cm
-1
 which suggests that the amount of polymer in the hybrid 
has reduced. The is the opposite to that observed in the ARGET ATRP hybrids, suggesting that the shorter 
polymer chains and higher water solubility resulted in more rapid polymer dissolution. 
7.4 – Conclusions 
Organic-inorganic hybrid monoliths were successfully synthesised using pHEMA-TMSPMA synthesised by 
FRP and incorporated into a silica sol-gel process. Removal of large amounts of ethanol that was 
exchanged with deionised water was required to ensure gelation and a reduction in cracking of high 
organic content hybrids. 
A high organic content of 60 wt% organic was necessary to achieve non-brittle behaviour but non-brittle 
hybrids were fabricated with H:T of 100:0, 100:1, 100:2 and 100:5 which were completely transparent and 
pale yellow. The maximum compressive stress and strain increased slightly with TMSPMA content, likely 
due to a combination of toughening mechanisms such as molecular entanglement and covalent bonding. 
However, the values were limited to almost half that of the compressive stresses achieved in ARGET ATRP 
hybrids. At high TMSPMA contents the molecular weight was similar to that of ARGET ATRP hybrids and so 
it is likely that the difference was due to the build up of internal stresses during solvent evaporation. At 
low TMSPMA contents, the FRP polymers did exhibit molecular weights lower than their ARGET 
counterparts. At these polymer compositions, perhaps the polymer chains were too short for physical 
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entanglements to occur and hence the FRP monolith was not as strong as the ARGET monolith. The extent 
of branching and crosslinking of the polymer chains increased as TMSPMA content increased, yet there 
was no critical H:T above which the hybrids became weakened, in contrast to the ARGET hybrids. The full 
impact of the degree of branching of polymers in hybrids on the mechanical properties is yet to be 
deduced. Increasing the TMSPMA content of the hybrids reduced the rate of silica release, allowing 
tailorability of the materials to their applications. Without covalent crosslinking between the two, the 
polymer was released rapidly from the hybrid in TRIS solution so that the organic content appeared to 
reduce, meaning that the material may become brittle over time in vivo. However, once TMSPMA was 
included at any content, the polymer release was slowed so that congruent dissolution was achieved. 
The water swellability of the pHEMA became evident as a problem in these monoliths as the silica became 
cracked as the expanding polymer forced it apart. From this, the importance of using high molecular 
weight, water soluble polymers that are covalently bonded to the inorganic network was determined. 
Although these polymers may not be suitable for materials for bone regeneration, since they are not fully 
degradable, they have provided important insight that can be used in the future design of fully synthetic 
hybrid materials. 
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Image: pHEMA-silica hybrid powder 
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In this thesis, the use of synthetic materials as bone regeneration materials has been discussed. Some of 
the most promising candidates are organic-inorganic hybrids. The primary aim of this thesis was to 
develop organic-inorganic hybrids suitable for bone regeneration which exhibit non-brittle behaviour and 
degradation rates that can be tailored to the application. This aim has been achieved as covalently bonded 
pHEMA-silica hybrids have been synthesised that precipitate HA in SBF, exhibit plastic deformation prior 
to fracture at high organic contents and show degradation rates that can be controlled by altering the 
composition of the polymer. 
8.1 – Chitosan-silica hybrids 
Initially, the traditional and well-used hybrid system of chitosan-silica was studied with GPTMS as a 
crosslinking agent to introduce covalent bonding between the organic and inorganic components. 
Chitosan is a biocompatible natural polymer derived from crustacean shells that can be degraded in the 
human body by lysozymes to common amino acids, exhibits antibacterial and wound healing properties. 
Chitosan contains primary amine functional groups that were hypothesised by some researchers to react 
with the epoxide ring of GPTMS. Other researchers argue that since the amine would be protonated in 
acidic solutions, required to solubilise the chitosan, and so would be unavailable to react. Using a variety 
of solid and solution state NMR techniques it was shown that a reaction did occur between the epoxide 
ring of GPTMS and the primary amine of chitosan. However, the side reaction between water and GPTMS 
was also identified to open the epoxide ring to form a diol. Quantitative HSQC showed that the rate of 
epoxide reaction was acid catalysed, however, at all pH values the reaction of water with GPTMS 
dominated with 80 % of the opened epoxide ring forming a diol species. In order to balance fast reaction 
kinetics with low rates of polymer chain scission an optimum functionalisation pH of 4 was recommended. 
Monoliths were fabricated using a chitosan functionalised at pH 4 and showed a highly condensed 
polymer structure by 
29
Si MAS NMR. However, prior to incorporation into the hydrolysed TEOS, quenched 
functionalised polymer exhibited condensed silica networks within 5 min of functionalisation. This raised 
concerns over whether the two components are integrated fully or if the silica precursors do not co-
condense. 
The chitosan-silica hybrids were then fabricated into porous scaffolds, employing the optimum 
functionalisation pH of 4. Traditional freeze drying techniques were employed to achieve optimised 
scaffolds that were highly porous (96 %) with elongates pores and interconnect diameters that varied with 
freezing temperature from 21 µm to 178 µm. Since the optimum pore diameter is 100 µm freezing at -80 
ºC produced scaffolds with suitable morphologies for tissue regeneration. Due to the high porosities, the 
compressive strengths of the scaffolds were far too low to be used in bone regeneration applications. 
However, the elongated pore morphologies and chemical similarity of chitosan to glycosaminoglycans in 
articular cartilage may mean that these materials would be more suitable in the treatment of advanced 
arthritis. 
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For the first time, the sol-gel foaming process was applied to the chitosan-silica system. Due to the low 
solubility of chitosan, the optimisation of these scaffolds was difficult but eventually, high inorganic and 
low water content with no ageing time produced scaffold foams that did not collapse. The porosity of 
these scaffolds was in excess of 98 % and so the resultant mechanical properties were very poor. In SBF, 
the foam scaffolds rapidly disintegrated on submersion indicating that these foam scaffolds would not be 
suitable as tissue regeneration materials. 
8.2 – pHEMA-TMSPMA-silica hybrids 
Having established that there were a number of issued surrounding the functionalisation of chitosan and 
the solubility of the polymer, combining this with batch-to-batch variation that occurs in natural polymers 
and the ethical concerns that surround the use of animal products it became preferable to design a fully 
synthetic polymer. This polymer contained HEMA and TMSPMA monomers which could be hydrolysed and 
co-condensed alongside silica precursors to form a silica network. No functionalisation step was required 
in order to covalently couple the organic acid and inorganic networks. 
ATRP was used to ensure narrow molecular weight distributions and targeted degrees of polymerisation 
with high levels of reproducibility. However, the copper catalyst was found to cause transesterification 
side-reactions between the alcoholic solvent and the HEMA monomer, and between monomer units, 
leading to compositional drift and architectural variations in the final polymers. A thorough NMR kinetics 
study showed that the effect of this side reaction could be limited by using higher alcohols, lower 
temperatures and lower copper concentrations. For this reason, polymerisation was carried out in ethanol 
rather than methanol, more typically employed. NMR and GPC showed that the polymerisations were still 
well controlled with low molecular weight distributions achieved despite conversions in excess of 98 % in 
5 h. 
In addition to the problem of copper catalysed transesterification of the monomers, the high 
concentration of copper made it difficult for the polymers to be purified without the methoxysilane 
groups of TMSPMA being hydrolysed and subsequently condensed. ARGET ATRP was used as an 
alternative technique since the copper concentrations could be reduced to ~50 ppm by the addition of a 
reducing agent to convert any inactive Cu(II) to Cu(I) and hence, eliminate the requirement of purification 
prior to incorporation into the sol-gel process. Unfortunately, the strength of ascorbic acid as a reducing 
agent meant that the polymerisation was very poorly controlled with large amounts of termination by 
combination occurring, particularly at increasing levels of TMSPMA and high conversions. For this reason, 
molecular weights were much higher than those targeted (~60 kDa) and molecular weight distributions 
were large. As a control, FRP was used to synthesise the same polymers. The molecular weights and 
molecular weight distributions were similar to those observed in polymers formed by ARGET ATRP and 
varied with TMSPMA content. Although this polymerisation technique was simpler than ARGET ATRP and 
appeared to produce polymers with comparable polymer polydispersities, it should be considered that 
they were not degradable polymers. In ATRP, degradable groups could be introduced by careful selection 
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of the polymer initiator. A brief study into the synthesis of degradable pHEMA using hydrolysable and 
dithiol-based initiators showed that ARGET ATRP was not suitable for use with these initiators since 
condensation did not go above 30-40 % in 24 h. However, conventional ATRP produced polymers with 
high conversions and low molecular weight distributions. Unfortunately, this reintroduced the problems of 
transesterification and sample purification. Hence, it is unlikely that these degradable polymers will find 
use commercially within organic-inorganic hybrids. 
Despite their shortcomings, ARGET ATRP polymers were introduced into the sol-gel process to form hybrid 
monoliths of varying organic content and with varying H:T within the co-polymer. Fully transparent hybrid 
monoliths were successfully fabricated with organic contents of 30, 60 and 70 wt% and with H:T of 100:0, 
100:1, 100:2, and 100:5. Increased organic content increased the maximum compressive stress and strains 
of the monoliths. Strain at failure in excess of 20 % were observed and crucially, a yield point was 
identified in 60 and 70 wt% organic hybrids which meant that plastic deformation occurred prior to final 
fracture and that the brittle nature of these hybrids had been reduced. 
Although the polymer composition did not appear to affect the mechanical behaviour of the monoliths, 
the H:T had a significant effect on the degradation properties. Increasing the TMSPMA content of the 
hybrids allowed the rate of silica release in TRIS buffer solution to be controlled. Higher degrees of 
crosslinking between the components slowed the rate of dissolution. Importantly, the dissolution of the 
polymer and silica was shown to be congruent when 100:5 H:T was used. Hybrids with organic contents of 
60 wt% and lower exhibited HA precipitation on their surfaces within 1 w in SBF. 
60 wt% organic and 100:1 H:T was determined to be the optimum hybrid composition as it combined non-
brittle behaviour, high strength and strain at failure, and bioactivity. By changing the polymer 
composition, the dissolution rates could be altered to suit the application. It was obvious that covalent 
coupling between the components was required for long term stability in solution, however, high 
TMSPMA content had a detrimental effect on the mechanical properties. Hybrid synthesis was repeated 
using FRP polymers to establish whether a simple polymerisation technique was a more appropriate 
synthesis route and what the effect of changing the methods would have on the monolith properties. 
Fully transparent monoliths were fabricated with organic contents of 60 wt%, providing sufficient 
amounts of ethanol was removed and replaced with deionised water during synthesis. The monoliths 
exhibited non-brittle behaviour, but had maximum compressive stresses and strain that were much lower 
than the optimised ARGET ATRP hybrids, attributed to the build-up of stresses during solvent removal. 
Interestingly there was no critical TMSPMA content identified as the compressive stress and strain 
increased with increasing TMSPMA content, strengthened via a combination of molecular entanglements 
and covalent bonding. Similarly to the ARGET ATRP hybrids, the rate of silica and polymer release could be 
controlled by varying the composition of the polymers. The introduction of TMSPMA had the effect of 
producing congruent degradation of the two components even with as little as 100:1 H:T. 
 Natural and synthetic polymer-based hybrid materials for tissue regeneration 
Page 176 Imperial College London  Louise S Connell 
The problem of pHEMA swelling in solution became apparent in these hybrids as large monolith samples 
became cracked as water uptake an expansion of the organic component increased stresses within the 
inorganic component. This poses questions about the materials suitability as a bone regeneration 
material. 
In conclusion, these new pHEMA-TMSPMA-silica hybrids showed some positive attributes for bone 
regeneration materials, such as non-brittle behaviour, high mechanical strengths, controlled degradation 
and bioactivity. However, the polymers limit the suitability of the materials since they are not degradable 
and have molecular weights too large to be excreted by the kidneys, they swell in water which led to 
cracking when in solution and the polymers were not water soluble, an important property if the hybrids 
are to be processed into porous scaffolds by free drying or foaming. 
Although these materials may not be commercially viable as bone regeneration materials, the research 
described in this thesis has led to some important insights that may be applied to a new and more 
appropriate hybrid system. 
8.3 – Further work 
The conclusions of this thesis determined seven important characteristics that polymers and hybrids 
suitable for bone regeneration must have. These are: 
1. Water solubility – to enable the polymer-silica sols to be fabricated into porous, interconnected 
scaffolds via the sol-gel foaming and freeze drying process the hybrids must consist of a high 
concentration, aqueous based solution. 
2. Limited swelling of polymers in water to prevent stresses building up in the inorganic component 
which leads to cracking. 
3. High molecular weight polymers to ensure strengthening of the hybrids by molecular 
entanglements. 
4. Covalent bonding between the organic and inorganic networks to promote congruent dissolution 
of the components. It is necessary that no post modification should be required to ensure that 
the crosslinking silanol groups couple the two components. 
5. Degradable groups along the polymer chain - ensures that the high molecular weight polymers 
are broken down into shorter units that can be excreted by the kidneys rather than building up in 
the cells. 
6. Overall organic contents that promote non-brittle behaviour but do not inhibit bioactivity. 
7. No copper catalysed polymerisation techniques should be employed to eliminate the need for 
purification and avoid the issue of transesterification. 
It is also important to ensure that the different silica precursors co-condense rather than forming 
discrete domains due to condensation of the different components prior to the introduction into the 
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sol-gel process. This may require in situ 29Si NMR in solution prior to and during hybrid synthesis and 
29Si labelling of silica precursors for solid state MAS NMR. 
Since the full effect of branching and crosslinking on the mechanical properties of the hybrids has yet 
to be determined, it would be wise to systematically alter the degree of branching through the 
introduction of bifunctional vinyl monomers and to determine the effect on the mechanical 
properties. 
The following hybrid system is proposed that contains all of the identified characteristics and it is 
hoped that it might also fulfil the properties required for success as a bone regeneration scaffold. The 
water soluble polymer would consist of a random copolymer of PEGMA (Mn of 400) as a spacer to 
introduce flexibility, poly(ethylene glycol dimethacrylate) (PEGDMA, Mn of 2000), and TMSPMA to 
covalently bond the organic and inorganic components. The chain can be hydrolysed at the ester 
groups within the PEGDMA units to release short water soluble units. FRP will be carried out in situ in 
aqueous solution with the sol-gel process occurring simultaneously, to avoid the use of copper 
catalysts and eliminate the need for purification prior to polymer use. A chain transfer agent will be 
used to limit the overall length of the polymer backbone to something that can be processed by the 
kidneys. The highly interpenetrating, crosslinked structure will provide the molecular entanglements 
required to provide strength and toughness to the final hybrids. 
 
FIGURE 8.1 – SCHEMATIC OF THE STRUCTURE OF THE PROPOSED TOUGH, DEGRADABLE HYBRID 
Once synthesised, optimised and characterised, the hybrids will be fabricated into 3D scaffolds by 
various techniques including foaming and freeze drying explored in this thesis. Once optimised in 
terms of porosity, degradation rate and mechanical properties for their application, cell studies will be 
carried out to determine cell viability, morphology, attachment, proliferation, and differentiation 
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using confocal microscopy and SEM. These results can then be feedback into the hybrid synthesis to 
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Appendix 1 – Reference NMR spectra 
Methods 
Reference spectra of the initial HEMA monomer, EG, MMA, EGDMA, OEGMA monomer, and MPC 
monomer were measured in methanol-d4 using a Bruker AV-400 instrument. Spectra were also measured 
in the presence of Cu(I)Cl and bipy. For HEMA, EG, EGDMA and OEGMA, monomer or by-product (3.56 
mmol) and 1 mL methanol-d4 was degassed with nitrogen for 30 min. Cu(I)Cl (11.8 mg, 0.119 mmol) and 
bipy (46.3 mg, 0.296 mmol) were added to the degassed solution and stirred for 24 h. At 0 h and 24 h, an 
aliquot of 0.02 mL was taken from the solution and diluted with 0.6 mL methanol-d4 in an NMR tube. The 
diluted sample was scanned with a Bruker AV-400 instrument operating at 400 MHz. 
Reference spectra – MMA, EGDMA, EG 
 
FIGURE A1 – 
1
H NMR REFERENCE SPECTRA OF MMA 
IN METHANOL-D4 IN THE PRESENCE AND ABSENCE OF 
CU(I)CL/BIPY CATALYST. WHEN THE CATALYST IS 
PRESENT A BROADENING OF PEAK D IS OBSERVED 
SUGGESTING EVIDENCE OF MONOMER-CATALYST 
COMPLEXATION 
 
FIGURE A2 – REFERENCE 
1
H NMR SPECTRA OF 
EGDMA IN METHANOL-D4 IN THE PRESENCE AND 
ABSENCE OF CU(I)CL/BIPY CATALYST. NOTE SOME 
TRANSESTERIFICATION OF EGDMA TO HEMA CAN BE 
OBSERVED IN THE CATALYST-CONTAINING SAMPLE BY 
THE SPLITTING OF VINYL PEAKS B AND C AT 6.13 PPM 
AND 5.67 PPM AND THE DEVELOPMENT OF A PEAK AT  
4.29 PPM 
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FIGURE A3 – 
1
H NMR REFERENCE SPECTRA OF ETHYLENE GLYCOL IN THE PRESENCE AND ABSENCE OF CU(I)CL/BIPY CATALYST. NOTE 
IN THE PRESENCE OF THE CATALYST, THE SINGLE PEAK BECOMES SIGNIFICANTLY BROADENED SUGGESTING COORDINATION TO THE 
COPPER CATALYST 
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Appendix 2 – Cibacron brilliant red assay 
Effect of SBF and TRIS on assay 
TABLE A.1 – VOLUMES REQUIRED TO TEST ABSORBANCE OF CHITOSAN SOLUTIONS (0.2 MG.ML
-1
 SOLUTION AS PREPARED 





0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 
Vol % Chitosan 
solution 
0 10 20 30 40 50 60 70 80 90 100 
Vol. Chitosan 
solution (µL) 
0 15 30 45 60 75 90 105 120 135 150 
Vol. Glycine-HCl 
buffer (µL) 
150 135 120 105 90 75 60 45 30 15 0 
Vol. Dye (µL) 30 30 30 30 30 30 30 30 30 30 30 
 
TABLE A.2 – VOLUMES REQUIRED TO TEST ABSORBANCE OF SBF SOLUTIONS AT 570 NM 
Vol % SBF solution 0 10 20 30 40 50 60 70 80 90 100 
Vol. SBF solution 
(µL) 
0 15 30 45 60 75 90 105 120 135 150 
Vol. Glycine-HCl 
buffer (µL) 
150 135 120 105 90 75 60 45 30 15 0 
Vol. Dye (µL) 30 30 30 30 30 30 30 30 30 30 30 
 
TABLE A.3 – VOLUMES REQUIRED TO TEST ABSORBANCE OF TRIS BUFFER SOLUTIONS AT 570 NM 
Vol % Tris solution 0 10 20 30 40 50 60 70 80 90 100 
Vol. Tris solution 
(µL) 
0 15 30 45 60 75 90 105 120 135 150 
Vol. Glycine-HCl 
buffer (µL) 
150 135 120 105 90 75 60 45 30 15 0 
Vol. Dye (µL) 30 30 30 30 30 30 30 30 30 30 30 
 
The results (Figure A4) showed that the absorbance at 570 nm was independent of the concentration of SBF or 
TRIS buffer solution. The relative difference between the absorbance due to the chitosan and that due to the 
SBF or TRIS buffer is large, even at very low concentrations of chitosan. The use of TRIS buffer and SBF in 
dissolution studies will not affect the concentrations of chitosan calculated using this assay. 
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FIGURE A4 – ABSORBANCE AT 570 NM OF CHITOSAN, TRIS BUFFER AND SBF SOLUTIONS AT VARYING CONCENTRATIONS 
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